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ABSTRACT

A systematic study of grain boundary control in silicon nitride ceramics
was carried out. Three series of compositions with varying amounts of
additives were sintered to near-theoretical density to achieve a two-phase
system consisting of  silicon nitride or B’ sialon and a Y-SIAION glass
Optimum heat treatment conditions to crystallize the glassy gramn boundary
phase to Y3AlsO12 (YAG) were determined to be 1400°C and one hundred
hours for most compositions However, devitrification of the glass to garnet
had adetrimental effect on the room temperature strength This decrease in
strength s attributed to the volume shrinkage associated with the formation
of YAG, which results in the debonding of the garnet crystal from the

surrounding grains



RESUME

On a effectue une etude systématique du contréle du joint de grain dans
les céramiques de nitrures de silice Trois groupes de compositions
differentes comprenant chacun des quantités variables d'additifs ont eté
frités jusqu'a atteindre approximativement la densite théorique, le but de
cette operation étant d'obtenir un systeme binaire composé de 3 nitrure de
silice ou ' sialon et une phase vitreuse Y-SIAION Les conditions de
traitement thermique optimales permettant la cristallisation de la phase
vitreuse se trouvant aux joints de grain en Y3AlsO12 (YAG) ont été
determinees et sont 1400°C et cent heures pour la plupart des compositions
Cependant, ladévitrification duverre en “garnet” aeu un effet néfaste surla
resistance mecanique a température ambiante Cet affaiblissement de la
resistance mecanique est attribuable ala contraction associée a la formation
de YAG qui induit une décohésion des cristaux de “garnet” des grains

avoisinnants
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CHAPTER 1
INTRODUCTION

Ceramic materials have long been recognized 1-4 as potential candidates
in structural and engineernng applications due to their excellent mechanical
properties and chemical stability at high temperatures. Some of these
applications include advanced heat engines, heat exchangers and wear-
resistant parts. Ceramics which have been suggested for these applications
include silicon nitnde, silicon carbide, and toughened zirconia, as these show
excellent mechanical properties and chemical stability, even at elevated
temperatures.

Silicon nitride (SizNg) in particular has received much attention because of
its superior mechanical, thermal, and thermomechanical properties which
are important in high temperature applications For example, the use of this
ceramic would permit gas turbine operation at temperatures considerably
above the limits imposed by the strength of the superalloys currently used5.
However, the densification of silicon nitride requires the use of sintering aids,
which results in the formation of a polyphase material The second phase,
which can be glassy and/or crystalline, remains at the grain boundaries, the
melting point of which i1s the limiting factor in the high temperature
application of the material.

Since the discovery in 1972 6.7 of a range of SizNg-based ceramics called
Sialons, much promise exists in raising the operational temperature mit of
the ceramic. Certain additives are known to form solid solutions with Si3Ng,
and it was originally believed that these sintering aids could be
accommodated (completely or in part) within the Si3Ng lattice, thereby

eliminating or atleast reducing the amount of grain boundary phase. A new




science has emerged from this which has become known as Grain Boundary
Engineering (GBE) 89,

Grain boundary engineering deals with the control of the grain boundary
phase through two methods: (1) the careful control of additives which can be
substituted within the matrix; this thereby limits the amount of glassy grain
boundary phase, and (2) altering the residual glass by heat treatment to
form crystalline phases which show superior refractoriness over the glass.
The overall aim of GBE is to tailor the grain boundary phase such that the
overall mechanical properties of the resulting sialon are improved, especially

at elevated temperature.



CHAPTER 2
LITERATURE REVIEW

2.1 THE NATURE OF SILICON NITRIDE
2.1.1 Bending

The covalent nature »f silicon nitride accounts for its chemical inertness,
high hardness and strength at high temperatures. These properties are
rarely seen in metals due to the relatively weak metallic bonds present which
deteriorate at elevated temperatures. This strong directional bonding In
Si3Ng also accounts for the fact that, uniike metals, this ceramic does not melt

but decomposes close to 1900°C and 0.1 MPa of N2 4, the reaction being:

SigN gy 388y + 2Ny, (2.1)

This dissociation can occur at much lower temperatures in vacuum or inert
atmospheres and becomes an important consideration in the sintering
process.

Also due to the high degree of covalent bonding in Si3Na, self-diffusion
coefficients of Si and N are very low, even near the dissocation temperature
and, as a consequence, full densification cannot easily be attained by firing
without the addition of sintering aids.

2.1.2 Crystal Structure and Morphology

SizNg4 crystallizes in two hexagonal modifications 10: a and § (Figure 2 1),
the difference between the two structures being that the c/a ratio of a 1s
almost twice that of §, as seen in Table 2.1. Silicon atoms are located in the
center of irregular nitregen tetrahedra, each nitrogen atom belonging to
three tetrahedra. The Si112N1g unit cell of the a structure comprises of

alternating, mirror-inverted Si3Ng layers in the sequence ABCD, resulting in a




a B

Structure hexagonal hexagonal
a-axis (nm) 0.775-0.777 | 0.759-0.761
c-axis (nm) 0.516-0.569 0.271-0.292

da ~0.70 ~0.37

decomposition 1900°C 1900°C

temperature
theoretical 3.168-3.188 3.19-3.202
density (g.cm-3)

Table 2.1. Physical characteristics of silicon

nitride 4.

Idealized Si-N layers

(a) a ABCD (b) p ABAB

Figure 2.1. Idealized structure of (a) a- SizNg ;(b) B- Si3N46.
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closed structure which is twice as long in the c-direction as the §
modification. The f structure, with the SigNg unit cell, 1s based on that of
phenacite (BezSi0O4) 11 and consists of Si3Ng layers which alternate in the
sequence ABAB, forming hexagonal tunnels in the c-axis direction. These
tunnels allow for a more open structure than the a modification

The formation of the a phase 1s thought to be associated with certain
ceramic reaction routes during nmitridation of silicon 412  The phase was
believed by some 13,14 to be a form of silicon oxynitnide having the formula
Si23N300. This s a defect structure in which one in thirty nitrogen atoms are
replaced by oxygen. However, this hypothesis was shown tc be incorrect 15-
17 since a and B powders have been produced which do not contain any
oxygen. In this case the a structure consists of only Si and N atoms. However,
exact chemistry of the a phase still has not been unequivocally established.

The thermodynamic relationship between a and B structures i1s also
uncertain. The two polymorphs of a and 3 were originally thought to be low
and high temperature modifications 18, respectively; however, both can be
synthesized concurrently over a wide temperature range !9 it has been
suggested that the a to § transformation proceeds during the densification
of Si3Na in the presence of a iquid phase, t.e the f structure s more stable at
temperatures greater than 1500°C 19. This conversion process will be
discussed in a subsequent section. It has aiso been suggested 15 that the §
phase could revert back to a, but thishas never been observed, perhaps due

to the sluggishness of the reverse transformation.




2 2 DENSIFICATION METHODS

Several processing techniques 4 exist for the production of Si3Ng
components, these are summarized in Table 22 The choice of route
depends upon the properties required in the dense silicon nitride
component Of the methods outlined, only three produce high density
ceramics, 1 e >97% dense, which are of interest on a technological scale,
namely (1) hot pressing, (2) hot isostatic pressing (HIP), and (3) sintering
Advantages and disadvantages of each route will be discussed in the
following sections
221 HotPressing

Typical processing conditions for hot pressing of Si3Ng are given in Table
2 2 Hot pressing, or pressure sintering, 1s analogous to sintering except that
high pressures and temperatures are applied simultaneously The applied
pressure, typically on the order of 30 MPa, accelerates the kinetics of
densification at the sintering temperature by increasing the contact pressure
between particles and rearranging the particles to improve packing.

Advantages of this process include 15.20,.21. (a) a reduction in the sintering
time and the temperature, which minimizes grain growth, (b) a smaller
amount of sintering aids, (c) a minimization of porosity by the removal of
large pores, which leads to an improvement in mechanical properties, (d)
ultra-fine starting powders are not required, and (e) suppression of the
decomposition of SizNg

Disadvantages brought on by axial application of pressure include 4 (a)
preferred orientation, or texturing, of the f crystals aligned perpendicular to
the hot-pressing direction, leading to anisotropic mechanical properties, (b)
shrinkage due to densification 1s high, in the order of 30% 21, and (c)

expensive process due to the short lifetime of the dies and the difficulty in

-6 -



Reaction-bonding Hot-pressing Sintering Sintering Hot-1sostatic
RBSN SSN SRBSN Pressing
Starting Si-powder S13Ng-powder Si3N4-powder Si1-powder 1
matenals + additives + additives + additives
Si3Ng (powder
+ additive)
' compacts HIPSN
Processing Moulding Moulding Moulding
steps
2
HIP 1
Nitridation Hot-pressing Sinterin Nitndation -
> 1420°C 2 1700°C 21750 ~ 1420°C R parts with
< 72h 205h Z1h Z72h
= = (HIPRBSN)
~30MNm-2 Pn2=0 1MPa
p—HiP 2 3
Sintering
| HIP 3 £ 1750°C Pre-sintered
Z1h St3N4 parts
pn2 ~ 0 1MPa {HIPSSN)
}—- HIP 4 4
Final Machining of Post sintered
P'roduct Finaipan the final part Finai part Final part RBSN
(HIPSRBSN)
Skrninkage (%) 0 ~30 ~15 ~5 ~15
Post machinin None Intensive low low low
Final porosity (%) = 20 -~ <3 <S -0
Flexural ~300 =700 <2700 =700 =700
strength (MNm 2)  RT ~1400°C RT ~1000°C RT ~1000°C RT ~1000°C RT ~1000°C

Table2 2 Overview and characteristics of processing steps and typical conditions of the various techniques

for Si3Ns ceramics Note RBSN-reaction bonded silicon nitnide, HPSN-hot pressed silicon nitride,
SSN-sintered silicon nitride, HIP-hot isostatically pressed silicon nitnide




making the process automated to achieve high-speed production. However,
the most important imitation, by far, 1s shape complexity since fabrication is
limited to simple geometries with one axis of symmmetry requiring subsequent
diamond-machining

2 2 2 Hotlsostatic Pressing

Hot 1sostatic Pressing (HIP), originally developed for the processing of
metals and composites, has also been used to improve the mechanical
properties of ceramics The process involves the simultaneous application of
high pressures and high temperatures (up to 2000°C)22 to consolidate a
compact or to remove residual porosity from pre-sintered matenals Typical
pressures are around 300 MPa 4, more than one order of magnitude higher
than in uniaxial hot pressing, via a gas (Ar, He)

The resulting ceramic shows enhanced properties 422, (a) a resulting near
net-shape body of isotropic properties due to application of uniform
pressure, (b) smaller amount of sintering aids are required due to enhanced
densification at these high pressures, and {c) a more uniform and fine
grained microstructure All of these characteristics combined result 1n an
improvement in high-temperature properties and an increase in rehability
Despite all the advantages of HIPping, the method s still in the
developmental stage, the major limitation of the process being extremely
high cost

2 23 Sintering of Siicon Nitrnide

Pressureless sintering of Si3Nga i1s accomplished by liquid phase sintering
through the addition of liquid-forming species, and relies entirely on the
existing free surface energy of the povvder, in conjunction with the liquid
phase, as the driving force for densification, i.e. no pressure is apphed to

drive the reaction as 1s the case 1n hot pressing. As a result, more stringent

.8-



requirements must be met in the process 4.23 (Table 2.2): (1) a finer starting
powder is necessary to reduce the diffusion distances between particles; and
(2) the partial pressure of the gases above the sintering bed must be
controlled to avoid decomposition of Si3Ng. The second requirement 15
fulfilled through the use of a powder bed made up of silicon nmitnide (to
suppress decomposition and vaporization of the constituents by creation of a
gas equilibrium in the immediate surroundings) and boron nitrnide which
reduces fritting of SizNg.

One main advantage of pressureless sintering is that there is no shape
limitation. Intricate component parts can thus be green formed and sintered
to near net shape. However, even by this densification method, a final

machining step may still be required. The linear shrinkage associated with

pressureless sintering is very high, typically in the order of 15-25% 23.

2.3 LIQUID PHASE SINTERING

Liquid phase sintering 1s the densification of a solid in the presence of a
liquid phase. In order for complete densification to occur, three
requirements must be met:
(1)  an appreciable amount of liquid must be present
(2)  asignificant solubility of the solid in the hquid
(3) complete wetting of the solid by the hquid.

2.3.1 The Driving Force for Sintering

Thedriving force for the densification process is best explained in terms of
the surface energies (y) associated with the system. For wetting of the solid
and complete penetration of the liquid between the grains, the following

relationship must hold 24:



2.
Yoy > Yoy = Vg2 Ygr, (2.2)

where the subscripts refer to sohd (S), iquid (L), and vapour (V) phases. The
solid-vapour interface (ysy) can be ignored since 1t 1s assumed that the liquid
completely wets the solid If this were not the case, then the solid particles

would be joined at the contact points and material transfer within the solid

"

would not result in densification.

As the packing efficency of a solid 1s at best 74% (i.e. a close-packed
arrangement of mono-sized spheres), a certain amount of residual porosity
will always exist, forming a solid-vapour interface 25, as illustrated in Figure
2 2 Durning the sintering stage the tendency 1s to eliminate these pores;
consequently the high surface energy, y . !s the driving force for
densification

The negative pressure in each pore (Po) 1s given by the relation24;

P = — (2.3)
"o

where ryis the pore radius There is an equal and opposite pressure exerted
by the small radi of curvature in capillary depressions at the surface Since
the distance separating these capillary depressions between the the solid
particles and the pores is small (0 1-1um), these pressures act as the driving
force fordensification, 1 e the desireisto eliminate the pores Initially, these
pressures tend to rearrange the particles to maximize packing Through this
rearrangement, the solid particles become joined, although separated by a
thin hquid film, (Figure 2 3) These bridges that are formed carry most of the
compressive stress at the contact points. It s the capillary pressure of the

hquid, P, which holds these spheres together, the pressure given by:
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Figure 2.2. Model of liquid-phase sintering involving volatile
reaction 25,

Figure 2.3. Spherical particles held together by liquid capillary
pressure 24,
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-y
p=— (2.4)

r

where ris the radius of the pore. The solid particles do not come into contact
with each other but, rather, remain separated by 5-40 nm due to the
repulsive forces between them. The liquid film also acts as a binder between
the particles

The capillary pressure, which can be substantial (ashigh as 12 MPa for silicate
systems 26) is also equilibrated by the compressive forces at the contact area.
This pressure results in an increase in solid phase activity, a, at the contact
points, given by the relationship:

KZYLV Vo
In— =

o = TRT (2.3)

where the constant K relates the maximum contact area pressure to the
overall hydrostatic pressure; Vg is the volume of the solid and liquid phases, R
Is the gas constant, and T the temperature This increase in activity at the
contact points acts as the driving force for material transfer and results in the
particle centers moving closer together. This, in turn, increases the density

Thus, 1t i1s the tendency to reduce the surface area of the pores in the
liguid phase that provides the driving force for sintering

2.32 TheSinteringProcess

Liguid phase sintering i1sthe primary mechanism of densification for most
alumino-silicates Complete and rapid sintering of these systems will result if
the liquid phase fulfills the requirements mentioned in the previous section,
1.e. enough hquid present to completely wet the solid, and solubility of the
solid in the hquid Kingery24 proposed a simple model for the densification

mechanism, illustrated 1n Figure 2 427

212 -



+ ELIMINATION OF
- CLOSED POROSITY
:  SOLUTION-
: «  PRECIPITATION
log
shrinkage :
PARTICLE .
5 REARRANGEMENT :
3 i :
log time

Figure2.4. Kingery model of liquid phase sintering.27
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The process can be divided into three steps:
(i) particle rearrangement,
(i) solution-diffusion-precipitation, and
(in)  coalescence
2.3.2.1 Particle Rearrangement
The start of liquid phase sintering is marked by a rapid increase in the
shrinkage rate of the matenal. This shrinkage is associated with the
formation of a liquid phase which coats the solid particles, thus facilitating
the sliding of particles over one another. The extent of rearrangement of the
particles depends on three factors:
(1) the volume of the liquid phase, i.e. whether enough liquid is available to
completely wet the particles and fill the interstices between the particles;
(2) the viscosity of the liquid at the sintering temperature, i.e. whether the
viscosity 1s low enough to allow the sliding of the solid particles over one
another; and
(3) the size and shape of the particlesin the liquid phase in order to maximize
particle/particle impingement.
If the hquid completely wets the solid, each interparticle space becomes a
captllary in which substantial capillary pressure is developed. For sub-micron
particle sizes, capiilaries with diameters in the range of 0.1 to 1 um develop
pressures in the range of 1-12 MPa for silicate systems 26, Hence, the smaller
the particles, the greater the pressure which, in turn, leads to a more rap:d
densification of the material. This, combined with creep processes (see
above), leads to rapid densification in this stage

The fractional shrinkage 1n the rearrangement process 1s given by:
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where ¢ is a constant, t the sintering timie, and y =1. The rate of
densification corresponds approximately to viscous flow or creep of the
particle in the liquid phase and therefore depends on the volume fraction of
the liquid phase present. The less viscous the hquid and the more hiquid
available, the faster the densification becomes.

Complete densification during the rearrangement process i1s possible If
the volume of the liquid content s sufficient (>35%) to fill all of the
interstices.
2.3.2.2 Solution-Diffusion-Precipitation

At the end of the rearrangement process, the densely packed solid
particles are in close contact with one another and are separated by a thin
film of liquid. Matenal transfer away from the contact points occurs due to
the capillary pressures which force the particles together and enhance
dissolution. This leads to a decrease in the center-to-center distances
between the particles and therefore results in densification

The shape of the solid particles, 1 e. whether they are spherical or
prismatic, will determine the rate of densification at this stage 2427 A
schematic of the solution-precipitation stage i1s given in Figure 2 5(a) For
spherical particles in contact, material transfer can be controlled by either (a)
the diffusion of dissolved particles away from the contact points, or (b) by
the solution of particlesin the liquid, being a phase boundary reaction. The

shrinkage, in the case of diffusion controlled densification, i1s given by
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Figure 2.5. Physical representation of liquid phase densification and
transformation according to Kingery's stage (ii) solution-
precipitation model 27.
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where & is the film thickness between the particles, k1 and k; are constants (0-
1), Vo is the molar volume of the starting powder, Cy is the solubility of the
particles in the liquid, D 1s the diffusion coefficient in the liquid phase, and r
1s the initial particle size. The shrinkage due to this processis proportional to
the one-third powder of time and inversely proportional to the four-thirds
power of the initial particle size.

If the rate controlling step 1s the phase boundary reaction ieading to

solution, the sintering equation becomes.

av 2k .k 5C v,V
Vv kRT

0

014, -1, (2 8)

hlg
| r—

where the time exponent isincreased to 1/2 from 1/3 The densification rate
is also slower for solution-controlied densification

For prismatic particles, similar equations for densification apply
However, the acicular grains are onented in a random fashion, leading to a
more complex geometric relattonship than s the case for spheroidal grainsin

contact. Inthe case of a diffusion-controlled process (Fig 2 5(b))

AV s (29)
3Vu

while if the rate controlling step is a solution process (Fig. 2 5(c)), then

Av 13

57;“1 (2 10)
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2.3.2.3 Coalescence

The coalescence process resuits in the elimination of closed pores. These
internal pores are due to the incomplete wetting of a certain number of
grains which are oriented such that the grain boundary energy (y.. ) 1s smaller
than twice the solid-lquid interface energy (y, ) (see Equation 2 2). In order
for densification to take place, material transfer within the solid phase must
occur. Thus, the densification rate at this stage is greatly reduced due to the
low surface energy assocated with y.

23.2.4 Effect ofother Parameters on Densification

The nitial particle size 1s important in all sintering processes as smaller
particles lead to higher capillary pressures, and thus more rapid shrinkage
However, for reactive liguid phase sintering, the growth of solid particles
only has a small effect on the rate of densification. This is because the main
driving force for the process Is the decreased liquid vapor surface area (y . )
the controlling parameter, then, is the size of the pores in the liquid
phase24.26 Thatis, a decrease in the surface area of pores in the iquid phase
results in a major decrease 1n the free energy, thereby providing the driving
force forsintering Secondly, the temperature dependence, which is a result
of the diffusion coefficent in the liquid phase, 1Is much lower than for other
sintering processes as the diffusion coefficient does not change markedly
with temperature

In summary, for complete densification, the following criteria must be
met.

0 ultra-fine starting powders must be used to decrease the diffusion
distances between particles and increase the thermodynamic driving

force
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(1i) a high sintering temperature i1s required to increase diffusion rates and
lower the liquid viscosity

(i)  equilibrium between the partial pressure of the reactants must exist to
avoid dissoctation of the starting material

(iv)  anexternal pressure, in addition to the effective pressure derived from
capillary forces, can be used to increase the driving force for sintering,
e.g hot pressing or hot isostatic pressing

233 Liquid Phase Sintering of Si3Ng4 and Sialons

Densification of Si3Ng containing an additive 1s generally attributed to the
presence of a liquid formed at high temperatures according to the general

reaction 28:

St3N4+ SLO2+ metaloxide + tmpurities m 513/\/44—1).ryrlttrule liguid (211)

S103 is included in the reaction as 1t 1s invariably present on the surface of
Si13Ng powder

The sintering stages for Si3Ng 27are illustrated in Figure 2 6 In the case of
sintering of Si3Ng ceramics,the mechanism of dissolution involves the
breaking of Si-N bonds, where the additives provide a liquid medium which
dissolvesthe a-Si3Ng. The material 1s then transferred away from the contact
areas, resulting in a movement of the particle centers towards each other,
and hence leads to shrinkage The diffusion of the dissolved Siand Nin the
silicate or oxynitride liquid 1s much greater than the self-diffusion in Si3Ng,
this therefore leads to an increase 1n the densification rate
As the sintering temperature is raised above 1400°C, the a phase becomes
unstable and thus precipitation of the more stable [} phase occurs

Precipitation of B-Si3Ng occurs at preferred sites or on pre-existing [)-Si3Ng

-19.
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Figure 2.6. Kingéry process of densification of SizNg 27.
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particles in the starting material 4 (Figure 2.7). It has been found 29 that
starting powders containing >95% a are required to induce the self-
precipitation of the f§ phase. The reason far this is the instability of a with
respect to B, which causes enhanced solution of a into the liquid phase. If the
starting material contains a large number of §§ grains, the fine particles start
to dissolve and re-precipitate on pre-existing B grains. If, on the other hand,
the initial B contentissmall, then spontaneous nucleation and growth of rod-
like B grains will occur This second case 1s the more desirable, as the
resulting grain size 1s more uniform. The effect of grain morphology on
mechanical properties will be reviewed in a later section

The rate of shrinkage in the transformation stage is given by:

(2.12)

where A is a constant, and n determines the rate-controlling step (see Figure
2.6). If the process depends upon solution of a-Si3Ng into or precipitation of
B-Si3Ng from the liquid, then n = 3 (phase boundary reaction). If, on the other
hand, diffusion through the liquid controls the rate of densification, then
n =5. The rate-controlling step therefore determines the rate of shrinkage-
densification occurs more rapidly if the rate-determining step 1s dependent
upon precipitation of B-SisNa, and it can thus be controlled by the starting
materials used, i.e. high a content.

Hampshire and Jack 27 did a comparative study of the densification rates
using MgO and Y03 as sintering aids (Figure 28) They found that with
magnesia, rapid densification occurred during the rearrangement stage;
while during the solution-precipitation stage,they showed that n=3,

suggesting that the processis reaction-controlied (Fig. 2.5(b)) With yttria, on
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Figure 2.7. Solution-precipitation model for the liquid phase sintering
of SizN4 (schematic drawing) 4.
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silicon nitride with Y203 and MgO 27.
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B 2

the other hand, the rearrangement process did not contribute significantly
to densification Rather, during the solution-diffusion-precipitation stage,
diffusion through the liquid was the rate controlling step (Fig 2.5(c)) The
difference between these two sintering aids 1s a result of the smaller iquid
volume and higher hquid viscosity of Y03 over MgO

The densification rate increases rapidly during this stage to near
completion with the transformation of a to B-Si3Ng, as this conversion is
thermodynamically favourable at temperatures greater than 1400°C There
1s, however, an upper limit to this transformation due to particle
impingement of the B-Si3Ng grains as full conversion is approached

The final stage of densification s the coalescence process, during which
the elimination of closed porosity occurs. Grain growth of the § phase also
proceeds, with a resulting morphological change from rod-like structures to
more equiaxed grains Due to this change in grain shape, excessive grain
growth 1s accompanied by a marked decrease In strength (see later)
Furthermore, if the starting material contained a high J-content, then
precipitation of the B phase onto these original grains will result in
inhomogeneous grain size. That 1s, the B grains which were present in the
starting maternial will have grown to a far greater extent than those which
were precipitated from solution This leads to a deterioration in the
mechanical properties

Once the sintering stage has been completed, and the system returns to
ambrent temperatures, the oxynitride hquids cool to form an amorphous or
partly crystalline phase along the grain boundaries and at triple points of the
B-Si13Ng grains (as shown in Figure 27) This glassy grain boundary phase
softens at high temperatures and is responsible for the deterioration of

mechanical properties (see Section 2 6)
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2.4  THE ROLE OF SINTERING AIDS

Densification of SizNg without any additive has been achieved by hot
isostatic pressing (HIP). Prochazka and Rocco 30 were the first to achieve
densities of 95% theoretical by hot pressing silicon-rich (~8%) powders at
5GPa and 1500-1600°C for 20 minutes. Yamada et al. 31 obtained near full
densities by hot pressing highly pure powders at 1600°C for 1 hour
Miyamoto et al. 32 obtained densities greater than 99% by the glass
container and HIPing method at 150MPa and 1900-2000°C for 2 hours
However, in all cases, the mechanical properties of the sintered silicon nitride
were inferior to those achieved by other sintering methods due to the
euhedral morphology of the § grains.

Depending on the purity of the starting material, some silica is always
present on the surface of SigNg powder, which reacts with the silicon nitride

to form an oxynitride 33 according to:

Si N, +8i0,— 251N 0 (2.13)

This oxynitride phase was also observed in some HIPped samples reported by
Miyamoto et al.32

Through the use of sintering aids, however, full densification and
improved mechanical properties can be achieved The function of an
additive is to provide conditions for liquid phase sintering, i e. solubility of
the solid in the liquid and complete wetting of the solid. This i1s due to the
increase in diffusion coefficients of the 1ons in thae iiquid phase The rate and
temperature at which densification occurs depends mainly on (a) the amount

and (b) type of additive.
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2.4.1 Effect on Densification

The effect of liquid volume on densification is illustrated in Figure 2.9 34, |t
is seen that the incremental addition of MgO results in an increasing
densification rate since the particles can rearrange themselves with more
ease when more liquid is present. In general, increasing the amount of liquid
phase by the addition of more sintering aids enhances densification. The
liguid phase coats the silicon nitride grains and remains along the grain
boundaries. When the volume fraction of the liquid phase is increased, for
example from 2 to 10%, the thickness of the liquid layer between the -Si3Ng
grain boundaries remains constant, ~1-2nm; the excess liquid is
accommodated at triple points between the §-Si3Ng grains to form pockets of
glass 35. This volume increase of the grain boundary phase leads to a
deterioration of mechanical properties especially at high temperatures, as
will be seen in a later section of this chapter.

2.4.2 Typesof Additives

Sintering aids are most commonly metal oxides and oxide mixtures which
either:

(a) form solid solutions with Si3Ng, such as BeO, and an equimolar
mixture of Al;03 + AIN; or

(b) do not form solid solutions with SizNg, such as MgO, Y203, Al203, and
ZrO,;

The mechanism for both of these types of sintering aids is the same: the
additive reacts with the SiO; layer and impurities on the particle surfaces of
a-SigNg to form a eutectic liquid at temperatures between 1300°C and
1700°C, depending on the oxide. Upon cooling, this liquid forms an
amorphous or partly crystalline grain boundary phase. The sintering stage

can be summarized by the following reaction 2:
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St3N4 + additive + SzO2 + (tmpurities) TR ol BSzaN4+ liquid

3553N4+ hquid ———— § 813N4 + second phase(s) (2.14)

cooling

Iimpurities, particularly alkali (Na, K, Ca, Fe), and alkali-earth oxides tend to
migrate to the glassy grain boundary phase This resuits in a further
lowering of the glass viscosity, and leads to a decrease in strength and creep
resistance of the final product 36 (refer to Section 2.6 on Mechanical
Properties)

The rate of densification will therefore be dependent on the type of
sintering aid, as the latter will dictate the degree of wetting and the viscosity

of the hquid.

24.2.1 The Sialon System

The acronym “Sialon” was originally given to a group of new compounds
derived from silicon nitnde and oxynitride by the simultaneous replacement
of silicon and nitrogen by aluminum and oxygen 37 The ability of Si3Ng to
undergo this substitution can be explained in terms of the similar bond
lengths between Si-N (1 75A) and Al-O (1 75A), and the difference between
Al-N (1 87A) and $1-O (1 62A) 14 The extent of sohd solutions are illustrated
in the respective equivalence diagram in Figure 2 10, which is an 1dealized
behaviour diagram for the Si-Al-O-N system at 1700°C38 The f’-Sialon phase
1s the most important solid solution phase within the system It extends
along a constant M/X ratio of 3.4, with a homogeneity range of
Sig.zAl;0,;Ng.,, where z reaches a maximum value of 4.2. Because of its

structure, the physical and mechanical properties of the ' are similar to
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those of B-Si3Ng, but chemically 1t s closer to aluminum oxide (Al;03). The
overall effect of tiiis substitution 1s a decrease in thermal conductivity, which
tends to lower the thermal shock resistance 39 Figure 2 11 illustrates the
effect of substitution of Si3Ng on thermal expansion  the linear coefficient
of thermal expansion of the resulting sialon with z=3 (2 7x10-6°C-1) 15 less
than that of pure §3-Si3Ng (3 5x10-6°C-1) 40 Also, as the extent of substitution
increases, so does the hexagonal unit cell dimension 40, as shown in Figure
2.12

Thompson 41 was the first to characterize the solid solution compounds of
8H, 15R, 12H, 21R and 27R, as compositional polytypes of the AIN structure
Each polytypoid is formed by a different repetitive stacking of similar
structural layers, with a constant M/X ratio of 3.4 Other phases shown in the
behaviour diagram in Figure 2 10 are the O’ phase, which is based on the
S12N70-type structure, and the X-phase, of composition close to
3AI1,03 2S513Ng

Figure 2 13 illustrates the extent of the iquid phase field in the Si-Al-O-N
system at 1750°C, a typical sintering temperature 38 1t s clear from this that
the oxynitride glass 1s in equihibrium with B’, with no eutectics reported to
date '5 Upon rapid cooling, this hiquid will form an oxynitride glass 42;
however, this glass i1s unstable and requires a hiquid quench at greater than
500°Cmin-! to obtain a completely vitreous product 43 Thus, achieving a
single crystalline phase system is at best difficult within the SIAION system
due to the instability of the glass However, the addition of metal oxides
(MgO, Y,03) to the system leads to a more extensive and stable glass-forming

region, aswill be discussed in the next section
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2.4.2.2 Sintering with Oxide Additives

Sintering aids which do not form solid solutions with Si3Ng are used
mainly to provide conditions for liquid phase sintering by reducing the
viscosity of the glass. Magnesium oxide, the first widely used additive, has
been shown to react with the surface layer of silica to form an oxynitride
liquid 44. Impurities in the silicon nitride further reduce the solidus
temperature of MgO-Si0O; from 1547°C to 1450-1500°C 45

The high temperature strength loss exhibited by MgO-doped Si3Ng s
attributed to the low softening temperature of the glass phase (850°C-
900°C). Richerson 46 has suggested two approaches to improve the high
temperature properties of silicon nitride. The first was to reduce the alkali
impurities contents in the starting materials and minimize the amount of
additive. The second was to use a sintering aid which formed a more
refractory intergranular phase.

Gazza 47 showed that the addition of Y203 to relatively impure a-silicon
nitride results in a refractory yttrium silicate grain boundary phase, stable to
atleast 1600°C; the mechanical properties were also greatly improved

The mechanism for sintering with Y03 1s sitmilar to the others
reviewed (see Eq. 2.14) in that the surface silica and some of the nitride react
to give an oxynitride liquid  As the reaction proceeds, this liquid combines
with more Si3Ng to give one or more refractory bonding phases in which are
accommodated impurities that would otherwise degrade properties33 The
unreacted liquid cools to give a glass and/or crystalline phases Densification
of SizNg with Y203, however, is slower than with MgO since the rate
determining step 1s solution-precipitation controlled rather than diffusion
controlled (see Fig. 2.5) The Y;03-5107 solidus is between 1660°C and 1980°C

48, as seen on the phase diagram n Figure 2 14 In addition, the viscosity of
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the Y,03-5i0; liquid formed is higher and forms less liquid at lower
temperatures than MgO-SiO».

Subsolidus phase relations 1n the Y-5i-O-N system are shown in Figure
2.15. Work at Newcastle 38 characterized the four quaternary phases that are
passible in the system:N-melilite (Y203.513Ng), N-apatite (Yq516021N3), N-
YAM (2Y203.5i2N20) and N-a-wollastonite (Y203.52N20). Table 2.3 gives the
melting points of the quaternary phases.

All of these phases are stable to at least 1600°C, with the exception of N-
a-wollastonite, which decomposes above ~1400°Cto give mainly Y-phase and
melilite, Y10(SiO4)6N2 and Y2Si303N4, respectively 41. However, the phases
present within this system undergo large molar volume changes in an
oxidizing environment, which results in catastrophic strength degradation at
elevated temperatures 28. Thus, the presence of these four quaternary
phases is undesirable.

If the system is fabricated within the SizNg-512N20-Y25i07 compatibility
triangle (shaded area in Figure 2.15), the oxynitride pnases described above
can be avoided. The resulting silicate compounds ( Y03 S1O3, 2Y203 3502,
Y203.25i0; ) show improved oxidation resistance and excellent refractory
characteristics (refer to Table 2.3 for melting points). Mocreover, the highest
yttrium silicate, Y25i207, shows compat.bility with S103, and 1s therefore a
stable phase. The major drawback of this disilicate, however, is the large
volume difference between Y 351,07 and the yttrium silicate glass from which
it crystallizes. This volume change, which accompanies crystallization,
imposes a high stress on the surrounding Si3Ng grains, and results in a

deterioration of the mechanical properties 49.
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Melting
Phase Formula Temperature
(°Q)

yttrium silicate Y203.5107 1980
yttrium silicate 2Y203.3Si0; 1950
YAP Y,03.Al203 1875

(meta-stable)
YAG Y3Als012 1860
(garnet)
yttrium disilicate Y,03.2Si07 1775
N-melilite Y203.5i3Ng 1600
N-apatite Y 10(SiO4)6N2 1600
(H-phase)
N-YAM Y4Al20g-Y 4S1207N2 1600
(J-phase) solid solution
N-wollastonite YSiO2N 1400
(K-phase)

Table 2.3. Meltl c? temperatures of typical crystalline phases
forme
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Other rare earth systems additives have been studied, i.e. Ce0233,50,
2r0333, Nd>03 15 and La;03 51; however, the resulting high temperature
properties were not as impressive as for Y,03.

Figure 2.16 shows the effect of the different sintering aids on
densification. Si3Ng with no additives shows limited densification even at
high temperatures, as was discussed in Section 2.3. In the case of Y03, the
lowest melting temperature of Y203-5102 is very high (1660°C), thus allowing
for densification to take place at higher temperatures (if increased N
pressure 1s used to suppress SisNg decomposition). More importantly, less
hquid 1s formed with the addition of Y203 than with MgO. Hence, less grain
boundary phase 1s present, and the high temperature strength and creep
resistance of the material are improved.

The addition of Al203 to Si3Ng containing Y203 was shown 20,50,52 to be
more effective than simply using Y203 in assisting the sintering process .
Rowcliffe and Jorgensen 53 were the first to show that 95% dense sialons
could be achieved using these additives. The behaviour diagram for this
system 33 at 1700°C 1s given «n Figure 2 17. The tie lines shown run from the
stable Si3Ng compounds to the oxide end of the phase diagram. Of the three
stable crystalline phases in the system, Y3AI5012 (YAG) 1s the most refractory,
with a melting temperature of 1860 °C, in contrast to ~1700°C for (YAM) and
(YAP). The two latter phases, as seen earlier, cannot withstand oxidizing
environments. However, YAG, with a composition of Y3Al5012, is an oxide
phase and would not suffer catastrophic strength degracation due to
oxidation  YAG is therefore seen as the most desirable crystalline grain
boundary phase in terms of its excellent refractoriness as well as oxidation

resistance
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Also of interest 1s the ternary oxide system 33 shown in Figure 2 18 Phases
present are the yttrium silicates, yttnnum aluminates and yttrium aluminum
garnet (the most refractory) and were discussed in previous systems The
lowest liquid formation temperature 1s ~1400°C The glass forming region
within the oxide system will be discussed in a later section (refer to Section
2.5.2.1)

2.4 3 Non-oxide Sintering Aids

Although oxide additives are the ones most commonly studied, non-oxide
additives also exist which do not form a low viscosity grain boundary phase,
such as ZrN and Mqg3N; Literature on these sintering aids is very himited, and
hence will not be discussed

2.4.4 General characteristics of Sintering Aids

In summary, the following characteristics of an additive optimize the
high-temperature properties of Si3Ng.
(1) high softening temperature of the additive-S10; composition
(ii)  minimal amount of the liquid phase with relatively low viscosity at the
sintering temperature
(i) good wettability of SiI3Ng4 by the liquid phase to promote u/f}
transformation

(iv)  highsolubility of nitrogen in the iquid phase

2.5 GRAINBOUNDARY CONTROL

The use of oxide sintering agents allows for the complete densification of
Si3Ng, as seen in Section 24 During sintering, these oxides form a eutectic
liquid with silicon nitride, which allows for the dissolution-transformation-
precipitation of -Si3Ng to occur Although some Al and O, if used In

sintering, can be substituted within the beta lattice to form a solid solution
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of B’-SIAION, there will almost always be some hquid phase remaining which
becomes a glassy grain boundary phase upon cooling This amorphous
constituent will result in a degradation Iin the mechanical properties,
especially at elevated temperatures 54
Two methods of improving the mechanical properties exist, namely by
limiting the amount of residual glassy phase through compositional control
and/or crystallizing the glass to form a crystalline grain boundary phase
Several approaches to these methods have been considered
1. Transient hquid phase sintering, where the constituents of the glass are
absorbed into the (-Si3Ng lattice by solid solution 55
2 Minimizing the amount of additives used in sintering by gas pressure
sintering, hot pressing or hotisostatic pressing 56,57
3 Crystallization of the glass phase by post-sintering annealing treatments
in air 58 orin an inert 48 atmosphere
The first two methods involve compositional control of the starting
material only The latter technique involves a combination of the two
approaches
Post-sintering techniques in air involve the oxidation of the residual glassy
phase to form either disilicates or aluminates Naik & Tien 59 showed that, of
all the available yttrium-containing phases, p’-Sialon was only in equilibrium
with Y251,07 and Y3AI501; (YAG) Langeetal 58 and Tsuge etal 60 showrd
that heat treatment of Si3Ng maternals in an oxidizing environment after
sintering can lead to improved thermomechanical properties Both groups
found that the phases formed depended upon the heat treatment schedule,
i e temperature, time and cooling rate (as well as starting composition) The
optimum composition for crystallized phases lie within the Si3Ng-S12N,0-

Y251207 compatibility tniangle (Figure 2 15), as these phases give a polyphese
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material with good oxidation resistance and good mechanical properties.
However, this method of achieving crystalline grain boundary phases results
in substantial gradients in composition and phase content between the
immediate surface and the bulk of the material since the oxide scale tends to
concentrate the impurity elements, as well as Y and Al cations. Hence, the
mechanical properties of the heat treated material are detrimentally
affected as the impurities not only act as inclusions but also lower the
viscosity of the glass further 36,46,

Most recent research 62-65 has concentrated on the formation of YAG
over its disilicate counterpart as 1t requires the use of less Y03 additive, and
is more refractory As this crystalline phase is an oxide, it also shows excellent
oxidation resistance and, in turn, leads to a sialon exhibiting apparently
superior high temperature properties to the as-sintered counterpart.

2.5.1 Heat Treatment of Sialons

The high temperature properties of silicon nitride ceramics can be
improved by the crystallization of the glassy intergranular phases. The
resulting grain boundary would typically be more refractory (Tm = 1860°C) in
nature than its glass counterpart with a glass transition temperature (Tg) of
900-1000°C, thus being able to withstand higher temperatures before the
mechanical properties begin to deteriorate. As all glasses are metastable
with respect to their crystalline products, through proper compositional
control of the sintering aids, devttrification of a Y-Sialon glass to Y3AIl5043
can be achieved.

2.5.11 Theory of Glass Formation
By definition, a glass is an inorganic product of fusion which has cooled to

a rigid condition without crystallizing 66. Furthermore, the long-range order
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in the atomic arrangement of the amorphous substance does not exist over
distances greater than 10 nm 67

If a pure substance 1s melted and cooled, a definite freezing point s
observed at which solidification occurs, with the formation of crystals 1t s
sometimes possible to cool the liquid below its freezing point without any
crystal formation, this process is known as super-cooling The supercooled
liquid 1S In a metastable state since it has a higher free energy than the
corresponding crystal, but its structure has a lower free energy than any
immediate neighbouring structure

Throughout the supercooling of the liquid, there 1s no volume change
associated with 1t, unlike the accompanying volume change upon
crystallization Rather, the viscosity of the melt increases with decreasing
temperatures, and reaches a value so high that the liquid approaches a rigid
solid state. With the increasing viscosity of the glass, structural
rearrangement becomes less feasible The resulting structure of the glass is
“apen” , allowing for interstitial accommodation of 1ons such as Na', Li+,
Mg2+, etc

The formatior of a glass depends on several factors 67 including structural
and chemical considerations, as well as kinetic effects Only the kinetic
influences will be discussed briefly here

Kinetic factors in glass formation are best understood in terms of the
probabihity of formation, as seen in the Time-Temperature-Transformation
(TTT) curve in Figure 2 19 A temperature (Tn) exists where the time (tn) to
crystallize a volume fraction of glass i1s a minimum  This temperature s
critical 1t crystallization of the glass 1s to be avoided. The rate at which

crystallization occurs s given by
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Xt=1—arp(—r3—IU3It4> (2.15)

where X: is the volume fraction of glass crystallized after time t, U is the
crystal growth rate, and ['1s the nucleation rate. For the formation of a glass
to occur, X¢ must be keptlow by mimimizing U and I. Thus, glass formation is
governed by the rate of crystal nucleation and growth. These will be
discussed in Section 2.5 1 3.

The cooling rate, R¢, of the liquid 1s also cnitical in glass formation, and s

given by:

AT
R ~— (2.16)

where AT is the amount of undercooling from the equilibrium melting
temperature. In summary, in order to cool a glass from a hquid, both the
cooling rates and crystallization rates must be kept to a minimum
2.5.1.2 The Glass-Forming Region of Y-51-Al-O-N System

The formation of YSIAION glasses from meits 68-71 s far more complex (in
terms of structural, compositional and kinectic effects) than that of silicate
glasses. Both the presence of additional cations (Al3+,Y3+) and anions (N2-)
play significant roles 1n the cooling of the liquid, such that crystallization of
the glass is suppressed. Messier 68, for one, did extensive work on glasses
which would crystallize to the disilicate phases (Y251207, Y2510s) He found
that compositional control of the nitrogen to oxygen ratios was difficult to
maintain. This was primarily due to decomposition processes which were
accompanied by nitrogen evolution during formation of the glass However,

certain beneficial effects of nitrogen substitution within the silica glass were
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apparent, namely that the density, the glass transition temperature (Tg),
hardness and elastic modulus all increase with increasing nitrogen content
Figures 2 20 and 221 (lustrate the vanation of the glass transition
temperature (Tg) and viscosity (n) with nitrogen concentration for different
glasses, respectively Both Tg and n increase with increasing nitrogen
content Figure 2 22 illustrates the var:ation of viscosity with temperature
for different glass systems It 1s clear also from this that the Y-Sialon glass
has the highest viscosity overits Mg, Ca, and Nd glass counterparts and i1t can
be concluded that Y-based glasses would show improved high temperature
properties over these other glasses since the YSIAION glass would begin to
soften at higher temperatures.

Also observed 1s an increase in the thermal diffusivity with increasing
nitrogen content, leading to better thermal shock resistance All of these
would therefore result iIn improved thermomechanical properties

It was originally thought by some authors 69,70 that oxynitride glasses
could be made from high nitrogen glass-forming meits in which Si3Ng, AIN or
some other nitrides are appreciably soluble at temperatures below which the
nitride has a significant decomposition pressure, typically 1650-1750°C for
Si3Ng or AIN Further work showed that such extensive incorporation of N n
the glass melt was not that easily achieved High nitrogen losses by frothing
of the glass and decomposition occurred when attempting to incorporate N
Into the glass 70

Most oxynitride glasses contain $1,0 and N, and a majority also contain Al -
all of which are favorable for oxyni*ride formation Both oxygen and
nitrogen can bond tetrahedrally to Si to form SiX4 groups (where X =0, N)
Likewise, Al will tetrahedrally bond to oxygen and nitrogen, as in alumino-

sihicate glass systems The most easily synthesized oxynitride glasses contain
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more than four components, 1 e. Y-Si-Al-O-N glasses. The addition of Al to
the S1-O-N glass has several effects, namely 1t (i) expands the compositional
range of glass formation, (1) lowers the liquidus temperature, (iii) increases
the nitrogen solubihity , and (iv) suppresses phase separation. All of these
effects are desirable in the sintering process of Sialons. It was found that the
incorporation of Y into the glass results in a higher softening temperature,
but tends to reduce the nitrogen solubility in the glass Thisis in part due to
the mcere refractory nature of the Y203-Al203-S103 system 73

The formation of Y-sialon glasses from melts cannot be directly compared
to the formation of two-component system of (’-Sialon and glass In the
latter case, the glass 1s formed from the sintering aids incorporated to helpin
the densification of Si3Ng. Also, the volume of glass 1s kept to a minimum
since it has a detrimental effect on the mechanical properties of the material
(see Section 2 6).

The general equation for the formation of this two-phase system i1s given
by-

BSi N, + sintering aids—> 'St ALO N, _+ YSIAION glass (2.17)

The glass forming region of the YSIAION system is illustrated in Figure 2.23.
This six-component system, called a Janecke prism, consists of the standard
Si3Ng-AIN-A1203-Si02 square (from Figure 2 10), with Y equivalents units
along a third dimension The front and back triangular faces represent the
nitride and oxide ternary phase diagrams, respectively.

The glass forming region within the system extends from the SiO»-rich
portion of the oxide face towards the nitrogen face. This implies that a
certain amount of nitrogen will dissolve in the glass In fact, upto 33e/o N has

been found to be accommodated in the Y-Sialon glass, with a composition of
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Y 155115A119045N15 71, where one of every four oxygens is replaced by
nitrogen The widest part of the glass forming region occurs at 10e/o N 72 as
shown in Figure 2 24, and so implies that this 1s the area of most stable glass
formation

it1s cdlear from the above that the glass forming region is rather extensive,
but in order to obtain the desired YSIAION giass which will devitrify to
Y3Al501;, strict compositional control of the glass must be achieved, 1 e the
glass must lie within a certain N O ranige for i1t to crystalhze to YAG There
are two methods of representing the system of interest, that 1s §* and Y-
SIAION glass, these are illustrated in Figures 2 25-2 27 The first, developed
by Hohnke and Tien 74, 1s based on an equilateral triangle with the apexes
being S13Ng, P'eo (S12A1204N4), and YAG The liquid forming region extends
over most of of the triangle, however, the area of interest i1s where only
B’ + hquid are present Although thisrepresentation s simple to understand
asitisin terms of weight percent of constituents, 1t 1s ather misleading since
there 1s a greater compositional difference between Si3Ng and YAG than
between f's0 and YAG A more appropriate representation was developed
by Drew et al 75, who mapped out triangular sections of varying e/oN
content, 1 e similar to the triangular faces found on the lanecke prism
(Figure 2 24) These sections intersect the larger B-YAG plane (Fig 2 26) to
give aregion of glass formation shown in Figure 2 27 , which lies above the
B-YAG tie line The parallel lines represent constant N.O ratios, increasing
from the Si3Ng point towards the ['-60 composition

The phases present at a typical sintering temperature of 1700°C are
tllustrated in Figure 2 28 The hquid forming region at this temperature s
much more extensive than the glass region, and extends over much of the

system However, in order to obtain a Y-5i1-Al-O-N glass upon cooling, the
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hquid phase must cool to achieve a glass composition somewhere inside the
tnangle defined by the f’ solid solution line and the YAG composition. This
will only occur for k gher z value ' compositions as the liquid phase In
equilibrium with lower z values will be on the silica side of thistriangle 41,71

In summary, YSIAION glasses can exist over an extensive range of
compositions, contiining upto 33e/o N, however, only a limited glass region
exists over which the devitrifcation of the glassto YAG will occur.

25.1.3 Theoryof Crystallization of Glass-Ceramic Systems

The process by which the regular lattice of a crystal is generated from the
less well-ordered liquid or glass structure 1s termed crystallization 67. This
transformation of structures proceeds from distinct centers of nucler and the
crystals begin to grow by depositing maternial upon these Thus, the
crystallization process can be divided into two distinct stages nucleation
and crystal growth.

Nucleation may be either (a) homogeneous, where the first seeds are of
the same constitution as the crystals upon which they grow, or (b)
heterogeneous, where the nucler are chemically different from the crystals
on which they are deposited Heterogeneous nucleation in a glass s unlikely
to occur as any foreign matter, such as dirt, would dissolve in the glass Thus,
the emphasis will be on homogeneous nucleation

Figure 2 29 illustrates the nucleation of crystal growth in a viscous hiquid
Below the equilibrium melting temperature, Ty, of a solid, there 1s a
temperature interval called the metastable zone in which nucler will not
form However, If nucler are pre-existent in the solution , 1 e seeds, then
crystals will grow upon them  Below this metastable zone, crystallization 1s
controlled by two competing factors. the rate of nuclel formation and the

crystal growth rate  Nucleation and growth both reach maxima as the
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temperature decreases, due to the increasing viscosity of the glass which

hinders atomic rearrangement and diffusion processes. Therefore, in order
to maximize the number of crystals upon which growth can occur, the
nucleat:on. temperature should be chosen such that the rate of nucleation 1s
at a maximum The production of a large number of small crystals is
favoured over a small number of large crystals as the former will show
superior mechanical properties 68

At a certain temperature (T3), the viscosity of the glass is so high that the
nucleation rate drops to zero. The general equation for nucleation rate, [, 1s
given by 76

lz%ap(_g) (2 18)

where W* s the thermodynamic barrier to nucleation, Ris the gas constant, 7
1s the temperature at which nuclet start to grow, n 1s the viscosity of the glass,
and Cis a constant The optimum nucleation temperature, T, generally lies
within a temperature range where the viscosity of the glass i1s between 1011-
1012 poise 71

The crystal growth process is critical in determining the morphology of
the matenal produced Crystal growth isdependent upon two factors 67:
(1) the rate at which the irregular glass structure can be rearranged into the

periodic lattice of the growing crystal; and
(2) the rate at which energy released in the phase transformation process can

be eliminated A general equation for crystal growth, U, 1s given by.

vox (2 19)
|

where K 1s a constant, AT sthe amount of undercooling from the equilibrium

melting temperature upon cooling, and n i1s the viscosity. It is clear that
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viscosity plays @ dominant role in the crystal growth process as well  An
INcrease in viscosity leads to a rapid decrease in thé growth rate
The crystallization of a glass 1s often accompanied by significant changes
in the properties of the resulting materal 68
1 specific gravity changes between the parent glass and the crystalline
product are often accompanied by small volume changes (either
contraction or expansion, depending on the density of the crystal
2 thermal expansion coefficients of the crystalline phases formed are often
markedly different from those of the parent glass
3 improved refractoriness since the composition of the glass progressively
changes as the crystals are precipitated. An upper crystallization
temperature exists where complete crystallization 1s achieved, with little
residual glass remaining
4. improvement in mechanical properties as the glass 1s replaced by a
crystalline phase
2514 Crystallization of Y-Si-Al-O-N Glasses
As stated in previous sections, crystallization of glassy grain boundary
phases in sialons through post-sintering heat treatments offers a means of
improving the properties of the ceramics The phases which are devitrified,
such as YAG, are more refractory in nature than the glass itself, therefore
improving the thermomechanical pruperties However, the addition of
nitrogen to a glass results in both an increase the viscosity of the glass and
glass transition temperature, ranging from ~920°C for Oe/oN to 1000°C for
20e/oN (Figure 2 21) This, In turn, tends io lower the rate of nucleation and
Increases the crystallization temperature 76 (Figure 2 27)
The grewth of a YAG crystal from the YSIAION glass 1s believed by

some54,64,69 to occur by the diffusion of excess 51 and N from the glass into
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the B’ phase; that 1s, the glass reacts with the matrix to give a slightly

changed B’ composition and a crystalline garnet phase (YAG), according to:

pSe, AMON, + YSIAION glass— 3’ St Al O N TYALOL (2 20)

6-z+1 z-~tv z2—%¢ B-z+

where x 1s the amount of Si and N diffusing back into ' A schematic
diagram showing the growth of YAG s given in Figure 230 Leng-Ward and
Lewis 64 found that crystallization of YAG increases with increased
polytypoid content, the nucleation and growth of YAG i1s accompanied by
excess components (Si,N into the B’ or precpitation of ' of modified
composition)

Grell et al 62 established TTT diagrams for the crystallization of YAG in f’-
Sialons (Figure 2 31) They found that crystallization was only detectable
below 1450°C, with a maximum rate occurring at 1380°C for p'-Sialons with a
10 wt % YAG content Also, the extent of substitution within the silicon
nitride lattice (1 e z value) affected the rate of crystallization as the z value
of the sialon increased, so did the rate of crystallization (Figure 2 31)

The heat treatment temperature and time will determine whether or not
nucleation of the YSIAION glass to YAG will occur.  The temperature will in
turn be determined partly by the nitrogen content of the glass since the glass
transition temperature increases with the amount of nitrogen present

Figure 2 32 shows phase relationships in the B’-YAG plane at 1050°C 41;
this temperature being slightly above the expected glass transition
temperature Spacie et al 63 found that at this annealing temperature,
however, no two-phase '+ YAG region exists Rather, the diagram s
predominated by a phase which they labelled B The composition of this

phase 1s Y2StAIOsN, and 1s close to the YSIAION glass composition; it would
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Figure 2.30. Schematic diagram showing growth of
crystalline YAG phase and difiusion of Si and

Ninto the amorphous phase 54.
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therefore require little structural rearrangement for the crystals to grow
from the glass The other phases present in the system include YAM, YAP,
and the yttrium silicates, as reviewed in Section 2 4, most of these quaternary
ph-ses are undesirable due to either their low melting points, or to their
poor oxidatior resistance

At 1350°C, the stable phase relationships are different 4! (Figure 2 33)" a
' + YAG region is found to exist However, the production of this two-phase
system involves careful compositional control as this region is limited The
major factor affecting the formation of YAG i1s the nitrogen content of the
glass Leng-Ward & Lewis 64 did an extensive study of glasses containing 0,
10, 20 and 30e/o0 N which had been heat treated at 1250°C for 40 hours They
found that, with increasing nitrogen content, Y2507 was progressively
replaced by YAG

Hayashi et al 52reported that a heat treatment schedule of 1250°C for 72
hours was optimum in achieving dewitrification of the glassy phase to YAG
At higher temperatures, 1 e 1400°C, YSIO;N was the major crystallization
phase However, they gave no indication of the starting compositions
2515 HeatTreatment Conditions

It i1s clear from the above that heat treatment of YSIAION glasses to
produce YAG isdenendent upon several factors
1 compositional control of the starting maternal so that the sintered

material results in f’-Sialon and a YSIAION glass
2 aspecific heat treatment temperature to optimize the nucleation and

growth of YAG from the Y-SIAION grain boundary glass
3 anoptimum heat treatment time to allow for complete grain growth of

YAG to occur, thereby minimizing the amount of residual glass.
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2.6  MECHANICAL PROPERTIES
The strength of a brittle material 1s best described in terms of the Gniffith

fracture equation

s = AV Elo) (2 21)
where y = the fracture energy
E = Young'smodulus
¢ = thelength of the crack that initiates fracture
A= dimensionless number that depends on the mode of stress

application, speamen ronfiguration and dimensions, and
the type of crack under consideration
Hence, the strength is strongly dependent upon the fracture surface energy,
elastic properties and crack size  As Si3Ng, hike all ceramics, 1s brittle in
nature, 1ts fracture energy is relatively low (see later)

The Griffith Equation can also be related to the strain energy release rate

or toughness, G, such that

<

[nec
G = —
¢ E

(222)

where ¢ 1s the crack length and o 1s the applied stress. A more useful
relationship involves fracture toughness, K¢, which can be determined

experimentally, Equation 2 22 can be rearranged to

KL‘
9= Ve <2 23)




Table 2.4 shows fracture toughness values for various metals and ceramics 77
Aithough the K¢ value of Si3Ng is low (4-10 MPaf) compared to metals, it 1s
higher than most ceramics

It can be said, then, that the strength of S13N41s mainly dependent on the
size and distribution of cracks or flaws present 78 These flaws are most often
found within the volume of the sample (as inclusions, pores) and surface
ftaws (cracks introduced by grinding) Incdusions are most often in the form
of impurities in the starting matenal, 1 e Fe, Ca, which tend to segregate at
the grain boundaries 8 Herice, by using high purity materials, the effect of
inclusions can be minimized  Also, porosity can be hmited through proper
sintering conditions; that s, by sintering at high temperatures, to produce
full density materials.

2.61 Room Temperature Strenqgth

The room temperature strength of Si3Ng s not only dependent upon size
and distributions of flaws present, but also upon two additional factors,
namely the microstructure of the matrix, and the nature of the grain
boundary bonding phase
2.6.1.1 Effectof Microstructure on Strength

The strength of @ matenal is related to 1ts grain marphology Figure 2 34
shows the relation of grain size (d) and aspect rativ (R) on the strength of a
matertal It 1s clear from this that the strength improves as the grain size
decreases and the aspect ratio increases 4. In order to maximize the room
temperature strength of silico 1 nitride, the sintered microstructure should be
of sub-micron grain size This can be achieved by using fine starting matenal
and limiting the ertent of grain growth in the coalescence process (see
Section 2 3.2 3) Not only i1s “he size important, but also the morphology of

the grain dictates the resulting strength A rod-like morphology s favoured
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Maternial

Ke

(MPa mz)
Pure ductile metals, 100-350
e g Cu, Ni, Ag, Al
High strength steels 50-154
Titanium alloys 55-115
(TieAl4V)
Si3Ng 4-10
SiC 3
Al»O3 3-5
Soda glass 07-08

Table2 4  Fracture toughness of
various matenials 77
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Figure 2.34. Influence of two typtcal microstructural
variables of dense Si3Ng- (a) the aspect
ratio and (b) the grain size of the f3-phase,
on the mechanical properties at room
temperature (schematic plot) 4.
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over equiaxed grain shape, as the former increases the energy required for
fracture (y)
Lange 15 discussed the requirement of a high a-Si3Ng starting material if a
fibrous microstructure is to be obtained upon sintering He proposed that
the resulting aspect ratio, R, of the fibers or acicular microstructure of the
transformed } depends on the inital o/f volume fraction ratio
P % (2.24)
Lange went on to propose that the mechanical properties could thus be
controlled through the o/p ratios for the starting materials. Table 2 5 lists
the fracture energies and strength of high a phase and high B phase
powders29 It is seen thatthe a phase starting powder results in the materiai
with the highest fracture energy and strength This increase in strength is
attributed to the formation of an elongated grain structure which causes the

high fracture energy

Si3N 7 Y

374 (MPa) (J.m-2x10-3)
higha 520-650 29 3-69 5
high B 375 15 8

Table 2.5 Strength and fracture energy of
high a and pstarting materials 29

Bowen and Carruthers 79 also showed that the strength of hot pressed
S13N4 1ncreases with a/f transformation (Figure 2 35). Microstructural
examination of fully converted samples, showing the highest strengths, had a

highly acicular grain morphology
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Figure 2.35. Room temperature modulus of rupture and
degree of conversion as a function of hot
ﬁressmg time at 1650°C under 20 MPa for

igh a-silicon nitride + Swt.% Mg0.79
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26.12 ThecEffectofthe Grain Boundary Phase on Strength

The mechanical properties of sintered Si3Na 1s also dependent upon the
nature and volume of grain boundary phase present If this intergranular
phase 1s a glass, its strength 1s much lower than that of the Si3Ng itself
YSialon glasses, depending upon the composition, have strengths varying
from ~150-215 MPa 68, as opposed to ~500-1000 MPa for Si3Ng 22depending
on the processing conditions

The volume fraction of the glassy grain boundary phase will also dictate
the strength of the resulting sintered Si3Ng, an increase in the glass contentis
accompanied by a decrea e in strength. Das & Muker)i 80 observed that a
Si3Ng containing 20 wt %% glass had a lower room temperature strength than
one containing 12wt % glass,1 e 372 MPavs 475 MPa, respectively Bonnell
et al 65 reported that the toughness of Sialons decreased with increasing
YSIAION and cordierite (MgO-based) glass content (Figure 2 36) More
dramatic differences in toughness were observed between the amorphous
and samples crystallized to YAG They found that these diff2rences were
more pronounced as the amount of additive was increased, and attributed
the phenomena to the large residual stresse. in the garnet Thease stresses
were thought to anse because the thermal coefficient of YAG 1s much higher
than that of Si3Ng The cordierite showed improved room temperature
strengths upon annealing due to the formation of the crystalline phase u-
cordierite, however, this phase 1s metastable

Pugh et al 8" noted a decrease in fracture toughness an . strerigth with an
Increase in additive content They attributed this decrease to an increase in
the grain boundary phase, as well as porosity due to decomposition during
sintering  Consistent with other authors 79, they also found that upon

devitrification of the glass at 1100°C and 1400°C, a 15% reduction in strength
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resulted They attributed this decrease in strength to a volume change of the
second phase (YAG) during devitrification. This volume change 1s due to a
density difference between the glass (~3 9 Mgm-3) and YAG (4.55 Mgm-3)
which, in turn, leads to the formation of microporosity

262 High Temperature Mechanical Properties

Most mechanical property studies of Si3Ng have been performed at high
temperatures, as these conditions simulate the intended application
environments of the ceramic. Asis true of almost all ceramics, the strength
of S13N4 decreases as the temperature 1s increased (the exception being
graphite) 22 The transverse rupture strengths of sintered and crystallized
Stalons 54 are shown In Figure 237 Although the sintered sialons show

superior strengths cver their annealed counterparts at low ternperatures,

their strengths deteriorate dramatically as the temperature reaches ~800°C
‘ This degradation in the high temperature thermomechanical properties
anses from the presence of the grain-boundary glass phase The amorphous
glass begins to weaken as temoeratures approach its softening temperature,
re >800°C Conversely, the annealed sialons retain their strength to well
over 1000°C This improved strength 1s due to the reduction of glass content
by crystallization, thus the effect of softening of the glass 1s no longer as
critical  Also, the crystalline phases formed upon dewvitrification have
excellent refractory properties, 1 e the melting point of YAG being 1860°C
(see Table 2 3) Hayashi et al 52 reported that the flexural strength of
specimens devitrified to YAG retained their strength (360 MPa) to 1300°C
Clarke et al 58 similarly found that sialons fabricated within the Si3Nga-
S12N20-Y 251207 system and heat treated in air to form SN0 and Y351207

retained their strength at 1370°C, the strength retention 1s once again
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related to the refractoriness of the grain boundary phase (see Table 2 3 for
melting temperatures).

Like strength degradation, the onset of creep in sialons has also been
attributed to the viscous grain boundary phase 82 An empirical expression

forcreepisgiven by 83:

a=<£—;> l—exp< nll)]+k39n-t (2 25)

where ¢ = creep strain
¢ = creep stress
k12,3 = constants

t time

1 = ViIscosity

It is clear from this expression that the wviscosity of the glassy grain
boundary phase affects creep as the viscosity of the glass decreases, the
creep strain increases. As seen in Section 2 5, the viscosity of the glass is
controlled by the nitrogen content, 1.e the viscosity increasing with nitrogen
content (Figure 220). Butler et al. 54 found that the lowest nitrogen-
containing materials exhibit extremely high creep rates, as the intergranular
glass 1s very fluid (Figure 2 38); high nitrogen-containing materials exhibit
intermediate creep rates, attributed to the increased viscosity of the glass
with higher nitrogen levels The lowest creep rates were achieved when the

intergranular phase was crystallized, as little residual glass remains in the

grain boundary.
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2.7  SUCCESS OF GRAIN BOUNDARY ENGINEERING TO DATE

From the above literature review, it has been shown that grain boundary
control, viz. limiting the glass phase and/or crystallization, is essential In
producing sialons with good mechanical and thermomechanical properties
Success to date has been limited in that most of the publications on GBE are
ambiguous. Thomas et al. 84 have just recently applied for a patent for the
development of a silicon nitride ceramic that shows no loss of strength at
1000°C. The report simply mentions that minimum amounts of additives
were used in sintering, thereby minimizing the grain boundary phase. This
oxynitride glass was further crystallized to yttrium silicate, the exact heat
treatment conditions not being elaborated upon. The ceramic was reported
to have a room temperature strength of 532 MPa (which is not spectacular in
view of results obtained in this and other studies), and retained 71% of its
strength at 1300°C.

The key to producing high strength and creep resistant sialons lies
primarily in limiting the amount of grain boundary ph.:se present, whether
glassy or crystalline. Howevszr, the crystallization of the glass 1s important

with respect to limiting creep at high temperatures.

.82 -




CHAPTER 3
SCOPE OF PRESENT STUDY

The pressureless sintering of silicon nitride can only be achieved by the
use of sintering aids. These additives, typically oxides, allow for densification
by providing a liquid phase in which the a-Si13Ng dissolves and reprecipitates
as the § phase. However, when this liquid cools to a glass 1t remains as a
grain boundary phase which exhibits poor mechanical properties, especially
at elevated temperatures Dewitnfication of the glass to a crystalline phase
has been shown to result in improved thermomechanical properties;
however an in-depth study of the effect of compositional vanation and heat
treatment on the devitrification of Y-Sialon glass has not been published.

The primary objective of the study was to achieve the binary system of §'-
sialon and YAG. Although Y3AI5042 and Y351207 are both stable phases with
respect to §', YAG was chosen as the devitnification product based on its
higher melting temperature It was therefore postulated that improved high
temperature properties would result.

The two variables used in the present study were:

1. composition - different amounts of additives (Al203, Y203, AIN) were
incorporated into a-Si3Ng such that the hquid phase formed upon
sintering had different Y/Al/SI/O/N ratios. Some compositions were
chosen such that the cation/anion ratio was constant, but with varying
N:O content, and vice versa.

2. heat treatment temperature and time - such that the maximum rate of
nucleation and growth of YAG froim the glass was achieved.

Finally, the effect of the nature and volume of the grain boundary phase

on room temperature strengths was evaluated. Samples with a constant
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volume of grain boundary phase but increasing amounts of YAG were tested
to observe the relationship between the strength and amount of YAG
present. Transmission and high resolution electron microscopy were used to
identify the sources of vanation in strength of various compositions which
had undergone different degrees of crystallization

The morphologies of as-sintered samples were studied by scanning
electron microscopy The grain boundary phases and general morphologies
in both as sintered and heat treated samples were examined by high
resolution electron microscopy. It was hoped to link the observed strength
measurements to the general microstructures and compositions of the grain

boundary phases.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

4.1 COMPOSITIONS

The effect of compositional control was studied in terms of two variables:
firstly the z value, 1n order to see If the extent of substitution of Al/O (or z
value) within the Si3Ng lattice can be controlled, and the effect that the z
value has on devitrification; and secondly, the liquid volume to see If the
amount of liquid phase plays a role on devitrification. Sialon compositions
were chosen such that they he within the Si3Nsa-YAG-AI303N region
illustrated in Figure 4 1 The compositions studied were divided into three
series. More specifically, with increasing additive content

(i) Series I had an increasing lquid content and increasing z value;

(1) Senies IT had a constant hiquid content and increasing z value; and

(hi)  Senes III had an increasing liquid content and a constant z value

equal to zero Compositions within this series he along the SisNa-
YAG tie line

Compositions were chosen within each of these three series such that they
had increasing oxygen content with increasing amounts of additives. For
example, composition Ia contained 10 equivalent percent (e/o) oxygen and 90
e/o nitrogen with ~11wt.% additives, while composition Id had 25e/0 oxygen
and 75 e/o nitrogen with ~31wt.% additives The effect of cation content
(Y3+,AlI3+,S14+) could also be studied since each composition within a series
contained the same O/N ratio as a composition withinthe other series That s,
compositions Ia and [Ib each had 10e/o O; Ib, IIb, and IIIc had 15e/0 O, and so

on; the yttrium content for equivalent O/N ratios increased from Series I to II1.
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A secend method of representing the compositions 1s based on
equtlateral triangles of Si4+-Al3+-Y3+  witn corstant O/N content Thus,
compositions with equal oxygen content were mapped out on the same
triangle, as shown in Figures 4 2(a)-(e) The anion ratios for all compositions
ranged from 10e/00 (90e/oN) to 25e/00 (75e/0 N) The actual amount of the
starting materials required, 1 € Si3Ng, Al;03, Y203 and AIN, were calculated
from these triangles by converting the equivalent percent cations (Y3 +, Al3 +,
Si4+) and anions (O2-, N3-) to weight percent compound A sample
calculation s given in Appendix A Compensations were made for the surface
layer of S103 inherent on the Si3Ng powder, this was based on the
manufacturer’s listed oxygen content which was typically between 190-2 0
wt % The exact constituents of each composition are given in Tables41-4 3

All of the compositions lie in the Si3Ng-rich portion of the Janecke prism,
shown 1n Figure 2 26, and are within the Si3Ns-YAG boundaries  Assuming
that the phase diagram is correct, the only expected dewitrification phase of
these compositionsis YAG

The theoretical amount of YAG formed upon heat treatment was
calculated based on the assumption that all Y3+ present in the starting
material went into forming Y3AlsO:, Thus, the accompanying Al3 + and O2-
required to form one mole of YAG were determined by atomic ratios, 1 e
3Y3+ 5AI13+ 1202 Any remaining Al3+ and O2- not required for the
formation of YAG was assumed to substitute nto the SisNg lattice to form
SIAION  Since the numb :r of Al atoms going into the B’ phase 1sequal to the z
value, the theoretical composition of Sig.;Al,O,Ng.; could be determined (see
Appendix A)

As 1t was assumed that only Sig.;Al;0,Ng.; and YAG are present upon

devitrification, 1 e no residual glass remains, the werght percents of the Sialon
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(wt.%) Ia ib Ic Id

a-Si3Ng 8874 | 82.06 | 7407 | 68.03
Additives | 1126 | 17.94 | 2593 | 3197

Al203 4.97 916 12.17 16 42
Y03 456 6.78 11.16 | 1317
AIN 1.72 2.00 260 238

Table 4.1 Compositions within Series [ -
Increasing liquid volume and z
value with increasing additive
content.

(wt.%) ITa IIb Hc d

a-Si3Ng 88.74 | 82.01 | 75.51 68 94
Additives | 11.26 | 17.99 | 2449 | 3106

Al,03 497 | 1057 | 1603 | 2164
Y,03 456 | 490 | 508 | 525
AIN 1.72 | 252 | 338 | 417

Table4.2. Compositions within Series II -
Constant liquid volume and
increasing z value with increasing
additive content

(wt.%) [Ia IIb ¢ aid IIIe
a-Si3Ng 9459 | 8743 | 8061 | 74.07 | 6783
Additives 541 1257 | 1939 | 25.93 | 3217
Aly03 026 3.50 6.62 9 53 12 31
Y,03 423 823 1200 | 15.69 | 1921
AIN 091 084 0.77 0.71 065

Table 4.3. Compositions within Series III - Increasing
liquid volume and z =0 with increasing additive
content.
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and YAG were calculated A sample of these calculations i1s given in Appendix
A.

Tables 4.4-4 6 list the theoretical z values and YAG contents as well as the
theoretical density (ptn) for all of the compositions The theoretical z values
ranged from zero to a maximum of two for the higher additive content
compositions. Compositions within Series I had a theoretical z value ranging
from 05to 1, withinSeries II from 1 1to 2 0, and a z value of 0 for Series 111
since no substitution was expected in the stlicon nitride lattice The
theoretical YAG contents for Series I increased from 14 wt % for la to 33
wt.% for Id, for Series II, all compositicns were calculated to contain ~14-15
wt.% YAG, while the theoretical YAG content for Series III ranged from 14

wt.% (II1a) to 34wt.% (IIle)

4.2  SAMPLE PREPARATION

The starting materials for the experiments were a-Si3Ng, Al;03, AIN, and
Y203. All powders were of high purity, high surface area and low impurities
(alkal) content, some specifications of these starting powders are given In
Table 47 The compositions were prepared in 100 g batches by attrition
milling a-Si3Ng with the additives in propanol for 0 5 h using high purity Si3Ng
media. Details on the milling techniques are given elsewhere 85 The slurry
was microwave dried to rapidly reduce the liquid content and avoid
separation of the powders The remaining slurry was then ovendried at 120°C
for a minimum of eight hours in order to remove any residual propanol The
dried powders were granulated through a 240uym mesh to break up
agglomerates Two-gram samples were uniaxially pressed at 17 MPa into

41mm x 7 5mm x 4mm bars Any excess moisture was then removed by heat
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(theoretical)

Ia

Ib

Ic

Id

wt. % YAG

14 3

18.7

30.6

328

Z value

05

0.7

0.9

10

Pth

323

325

3.28

3.30

Table 4 4

density
compositions for Series L.

based

on

Theoretical z value, wt % YAG and
starting

(theoretical)

Ha

IIb

Ic

Iid

wt.% YAG

14 3

14.3

14.6

14 6

z value

05

1.1

1.6

20

Pth

323

326

3.28

3.31

Table 45

density

based

on

composttions for Series I1

Theoretical z value, wt.% YAG and
starting

(theoretical)

I1la

Oib

Mlc

[1Id

IIle

wt % YAG

140

256

346

430

500

zvalue

0

0

Pth 320

322

3.24

326

3.28

Tabled 6

Theoretical z value, wt % YAG and density

based on starting compositions for Series I1I.
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Supplter {Surface| dsg [Purity|Oxygen Major
Area (gm) | (%) |content Impurities
(m2/g) (%)
a-SizNg | H.C. Starck ~23 07 97 8 14 30 ppm Fe
LC12 (max)
AIN | H.C. Starck ~6 |08-1.31976 25 150 ppm Fe
Grade C
Al2O3 Alcoa ~11]103-05} 999 n/a 0 08wt % Na;O
A 165G 0 04wt %6 S10;
0 04wt 2% Fey03
Y203 | Molycorp ~39 ~1.8199 99 n/a 10 ppm Ca0
5603 10 ppm Nay0
5ppm¥Fer0;
Table 4.7.  Charactenistics of starting material based on manufacturer’s

speafications. (n/a not available)
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treating the bars at 500°C for one hour. The bars were then isostatically

pressed at 340 MPa before sintering to maximize the green density.

43 SINTERING PROCESS

Pressureless sintering of the specmens was performed in a graphite
resistance furnace under a shight nitrogen overpressure of 0.1 MPa. The bars
were placed horizontally in a boron nitride cruable (to avoid silumping) along
with a powder bed composed of 50/50 mixture (by weight) of boron nitride
and composition Ia. The boron nitride prevents the silicon nitride from
fritting, the Si3Ng + additive powder prevents both weight loss and additive
mobility The optimum sintering temperature and time were assessed for
each composition, based on (i) maximization of the fired density , (1)
complete a to f transformation, and (in) minimization of weight losses The
reduction of porosity and complete a to  transformation are important in
terms of improving the mechanical properties of the sintered body (see
Section 26) A mimimum sintering temperature of 1400°C is required for the
conversion to take place, however, a higher temperature Is necessary to
eliminate as much closed porosity as possible, as discussed in Section 2.3
Weight losses must also he avoided to ensure that the composition has not
shifted out of the desired B-YAG-AI303N triangle

The sintering temperatures ranged from 1600°C to 1800°C for one to two
hours and are listed in Table 4 8-4 10  Sample dimensions and weights were
recorded before and after sintering, as well as an evaluation of density and
porosity of the fired specimens as outlined by ASTM (373 86 This method,

also known as the Archime 1es Method, allows for the direct measurement of
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Ia Ib Ic Id
T (°0) 1800 1800 1600 1600
t (h) 1 1 1 1
Table4.8. Sintering conditions for Series L.
JIE] Ob Ic d
T sinter (°C) 1800 1800 1700 1700
tsinter (h) 1 1 1 1

Table4.9. Sintering conditions for Series I1.
IITa OIb IIc II1d Ole
T(°C) 1800 1800 1800 1700 1700
t(h) 1 1 2 2 2

Table 4.10. Sintering conditions for Series II1
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bulk density, open porosity and apparent density; and an indirect
measurement of closed porosity based on the thearetical density.

4.3.1 The Archimedes Method

The sintered samples were boiled in water for two hours, and then allowed
to cool In the water for a minimum of six hours. The wet weight in air (W) and
the wet weight suspended in water (S) were measured. The samples were
then oven dried at 120°C for eight hours, and the dry weight (D) measured.

The following were then calculated:

D
Apparentdensity = Py = D—_S (4.1)
D
Bulk density = pg = W——S- (4.2)
Percent open porosity = W—S %100 (4.3)
p - pA
Percent closed porosity = X100 (4.4)
Pen
Pg
Percent relative density = — X 100 (4.5)
Pin )

The theoretical density, pth, of the samples was based on the volume fraction
of glass and Sialon of each composition. As expected, these densities

increased with increasing glass volume since the density of Y-Sialon glass (3.7-
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3.9 g.cm3-) is greater than that of SizNg (3.18 g.cm3-); these values are listed in
Tables 4.4-4.6.

44 HEAT TREATMENT PROCESS

The sintered samples were heat treated in a vertical tube furnace with a
nitrogen flow rate of 31cm/min. The nitrogen gas was purified using a
titanium getter. The samples were placed in a graphite crucable with a BN
powder bed. Heat treatment was carried out at two temperatures, namely
1100°C anu 1400°C for 10, 20 and 50 hours. The lower temperature of 1100°C
was chosen as it 1s above the glass transition temperature of the glassy phase
of ~950°C; while the higher temperature is below the lowest melting eutectic
composition formed upon sintering.

Based on these results, an additional heat treatment was performed at
1400°C for 100 hours in an attempt to reach equilibrium and full
devitrification of the glass to YAG. After heat treatment, the weight losses

and density changes were again evaluated by the Archimedes Method

4.5 ANALYSIS

4.5.1 Phase Identification

All sintered and heat treated samples were individually milled in a steel-
lined shatterbox to a particle size < 325um.  Diffraction patterns of each
specimen were obtained using a Philips X-ray Automatic Powder 1700
Diffractometer with a goniometer, linked to a Digital Micro PDP-11
computer.

The samples were step-scanned using monochromatic CuK, radiation at40
kV and 20 mA . A step size of 0.020 degrees and a scan rate of 25 00 deg/sec

were used to scan the samples through a 26 of 15° to 80°, where the strongest
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K

peaks of interest are found Peak shifts were corrected for using KCl as an
internal standard. A sample scanisshown in Figure 4.3 with thea, , and YAG
peaks identified.

Phases present upon sintering and heat treatment were 1dentified by
comparing the patterns with those found in the JCPDS index available on the
PDP-11, as well as using diffraction patterns manually entered into the user
database.

4.5.2 ato f Transformation

The evaluation of the extent of a to f§ transformation upon sintering was
according to the methods developed by Gazzara and Reed 87. The procedure
is based on the ratio of intensities of the strongest a and J silicon nitride
peaks, which are found to be the (210) diffraction lines in both cases. The

relationship between weight percent § and this ratio is given by:

I

B
a0 « wt%p (46)
I +I

%10 Barg

where Lis the intensity of the peak.

The peaks were identified using the “Peak Search” program available on
the PDP-11. The backgrounds were subtracted from the intensities, and the
resulting counts for a(210) and p(210) were substituted into Equation 4.6 A
sample calculation 1s given in Appendix B. Using the calibration curve
developed by Gazzara et Reed (Figure 4.4), the weight percent B in the
samples were obtained from the calculated ratio of intensities.

453 YAGContent

In order to quantify the amount of YAG formed upon heat treatment,
calibration curves of wt.% YAG versus intensity of peak were obtained based

on the three strongest YAG diffraction lines which did not overlap with other
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Sample: Ci2 HT1400C 180HRS File: P121.RD 07-SEP-88 14115
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phases present, namely B°-S13N4 or §’-SIAION. The lines chosen were the (211),
(400) and (640) reflections, each line having an intensity (I/Io) = 30%. These
diffractions lines were the same ones used by Greil et al 62 in their
determination of YAG content. Samples were prepared by adding increasing
amounts of YAG (5-50 wt %) to B-Si3Ng. Calibration curves for each of the
diffraction lines were based on the known weight percent of YAG in the
sample (x-coordinate) and the ratio of intensities of the YAG lines and the
(210) line of B-Si3Ny (y coordinate), which 1s given by:

IYA G

y coordinate = —w (4.7)

+1
YAG P

where I is the peak intensity (background subtracted), and 1 1s the (211), (400)
or (640) diffraction line. Calibration curves for these lines are shown in Figures
4.5-47.

For each of the heat treated samples, the ratio of intensities was calculated
for all three YAG lines, using the above relationship The weight percent YAG
for each diffraction line was interpolated from the calibration curve, and the
average of the three YAG contents calculated. The error associated with the
Intensity measurements were less than 2% A sample calculation of the YAG
content is given in Appendix B

4.54 Measurement of z Values

The extent of sohd solution substitution, or the z value, within the §-Si13Ng
lattice was determined indirectly by x-ray diffraction As discussed in Section
2.4, the z value 15 linearly dependent upon the lattice parameter These
dimensions, in turn, can be obtained directly by x ray diffraction

For an HCP system such as Si3Ng, the general relationship between the

Miller indices (hkl)and ceil dimensions{a and c) 15 88
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, Vg PRk kY P (4 8)
sin"f = — | = ————— + —
413 > o
where B8 = angle of reflection
(A2)/4 = 0594 for CuKa radiation

As (12/4) 1s a constant, and 6 1s associated with a particular diffraction (hkl)
line, then a and c can be calculated by solving simultaneous equations A
sample calculation for the lattice cell dimensions is given in Appendix B

Using the calibration curves in Figure 4 8, the a and c¢ values were
interpolated to give a z value related to each parameter, 1e a z value based
on the a parameter, and a z value based on the ¢ parameter These values
were then averaged to give a mean z value for the composition

The crniterta for choosing the diffraction lines of {-Si3Ng  for lattice
parameter calculations were such that the lines (1) did not overlap with other
phases possible within the system, (1) were at as high an angle as possible in
order to reduce the error, and (111) were strong enough to be detected in all
samples The diffraction lines which fit these critena were the (212), (231),
(330) and (411)
455 Grain Morphology

Grain sizes and aspect ratios of sintered and heat treated (1400°'C/100h)
samples were obtained through scanning electron microscopy The samples
first were mounted in resin and diamond polished down to 1 pm using a
LECO VP-150 VariyPol Automatic Polisher The resin was mechanically
removed and any residual resin was burned off in air at 500°C from the
specimens These were then etched in molten KOH at ~360°C for 15-25s The

specmens were gold coated and studied on a JEOL T-300 Scanning Electron
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Microscope. The samples were tilted 30° in order to enhance the contrast
between the grains. From micrographs taken, the average grain size and
aspect ratio of each composition was determined based on 60 grains, using
the grain boundary intercept method89.

45.6 Analysis of Triple Points

Based on the extent of devitnfication and crystallized phases found by x-
ray diffraction, specific sintered and heat treated sampies were chosen to
study the grain boundary microstructure by high resolution electron

microscopy (HREM). These samples are listed in Table 4.11.

SAMPLES wt.% YAG
;OA).
As Heat |[theoretical | calculated | devitrified
Sintered | Treated
la 14 0 0
Ia Ia 14.3 C 0
b b 26 3 10
IIb ITb 14.6 7 34
Id 33 33 100
Table 4.11 Samplesstudied by TEM, showing extent of

devitrification.

The heat treated samples were chosen such that they ranged from 0-100%
devitrification to YAG The following aspects were studied (1) location of
YAG pockets; (ii) location of residual glass

Sample preparation involved: (1) cutting the ~1-2 mm specamens into 3 mm
discs using a GATAN Model 601 uitrasonic disc cutter, (1) dimpling the discs
on both sides to a final thickness of 5x10-3 mm with a South Bay Technology

Model 510 dimpler; and (1i) a final thinning stage by Argon 1on milling with
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an lon Tech Ltd 1on mill The samples were then coated with a light carbon
film High resolution electron microscopy was performed on a JEOL 2000FX
transmission electron microscope on which microdiffraction, selected area
diffraction and lattice imaging were possible.

Semi-quantitative analysis of the triple peints in @ sample which showed
no devitrification after 100 hours of heat treatment at 1400°C (Ia) was
obtained by energy dispersive spectrometry (EDS) using a LINK detector
attached to a JEOL 1200 STEM. The technique allows for the precise
determinaton of Al, St and Y contents, and to a lesser degree of accuracy, O
and N 1n samples However, due to severe overlapping of the low energy
peaks (1.e Cfrom the coating, and N), semi-quantitative results were obtained
for the cations (Al3+,514+ Y3 +).

The method used for quantification was based on the Cliff-Lorimer

equation90

at%B ~ AB [

a, !
at %A (4.9)

where  at%A = atomicpercentof element A

at % B = atomicpercentof elementB

Kag = Cliff-Lorimer or K-factor
I = x-ray intensity of element A
I = x-ray intensity of element B

The technigue, however, i1s based on the assumption that the analyzed film 1s
“infinitely thin”, whereby the effects of x-ray absorption and fluorescence can
be neglected and that the generated x-ray intensity leaving the film are
identical For more detail about the method and inherent errors, refer to Ref

90 and 91
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Mullite (3A120325103) and YAG (Y3Als012) standards were used to
determine the K factor for Y/Al and Si/Al The integrated intensities of the
cation peaks were measured and, knowing the K factors, the atomic ratios
were then calculated from Equation 4.9 A sample calculation 1s given In
Appendix C. The Cliff-Lorimer method was also used to show the variability
in zvalue within a sintered sample, based on the SI/Al cation ratios A sample
calculationisalso given 1n Appendix C.

Since the nitrogen centent 1n the glass pockets was below the detection
limit and suffered severe overlap from carbon, another method was used to
obtain the anion (N/O) ratios of glasses in assintered and heat treated samples
which either showed no devitnificavvon (Ia) or partial devitrification (Ilb)
Triple points and grain boundaries of these samples were analyzed by
electron energy loss spectroscopy (EELS) This technique is the study of the
electron energy distrbution of electrons which have interacted with the
specamen. The method allows for semi-quantification of light elements such
as 0, and N A software package available on the Tracor system, attached to
the TEM, allowed for quantification of the anions based on a “best-fit” of the
curves. Fora more detailed study of this technique see References 8 and 90,

and 91.

4.6 MECHANICAL PROPERTIES

Strength measurementswere obtained for all sintered samples Sotne bars
which had been heat treated at 1400°C for 100 hours were also tested These
were compositions within Series II which had a constant liquid content
Strength measurements of [IIb were also obtained as this composition had a

similar liquid content to IIb In this way, 1t could be determined whether
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strength 1s depended upon the amount of glass present or the composition of
the glass A minimum of seven bars for each composition were tested.
Modulus of rupture bars of sintered and heat treated samples were
prepared as follows The barswere ground to a final 240pm diamond finish,
and the edges bevelled. Four-point testing was performed at room
temperature on an Instron Model 1362 tensile tester A crosshead speed of
05 mm/min and a load cell of 10 kN were used The experimental set-up is
llustrated in Figure 4.9 The sample dimensions were approximately 6 mm x
2 mm x 35 mm, the length of sample under tension (L) was 30 mm, and under
compression (P) was 15 mm Strengths of the bars (omor) were calculated

according to the equation.

3Pa

(6] =
VOR
bd*

(4.10)

where P =load
a =span between the top and bottom blades
b = samplewidth
d = samplethickness
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Figure 4.9. Schematicof modulus of rupture loading, illustrating
sample dimensions, and loading method 46
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CHAPTER 5

RESULTS AND DISCUSSION

51 THESINTERINGSTAGE
51 1 Sintered Densities and Weight Losses

Full densification 1s essential in producing sintered components of high
strength, since porosity i1s a source of crack nucleation and therefore provides
a mechanism for brittle failure to occur The resulting fired densities along
with weight losses of the compositions that were studied are given 1n Tables
51-5.3 for Sertes I-III  In almast all cases, the specimens were >95% dense,
values which are fairly typical for low pressure sintered silicon nitride
Weight losses upon sintering were kept below 2%, however, composition
IIe, which had a very high additive content (32 wt.%), suffered severe
bloating due to decomposition of the silica in the liquid phase, according to

the reaction 15

S‘sjv-us) + BStOm) = 6SLO(g)+2N2(g) (5 1)

The thermodynamics of the reaction between Si3Ng4 and $103 show that the
equiltbrium S10 partial pressure at sintering temperatures = 1650°C can be
significant

Volatilization of samples can also be attributed to the decomposition and
oxidation of Si3Ng These effects were minimized through the use of a
powder bed of a similar composition to the samples, as well as the use of a
slight overpressure of nitrogen The rmportance of a powder bed tn reducing
weight losses was demonstrated by Ekstron et al 92, who found that an

active powder bed containing constituents of the specimens (1 e Al, Si, N, O)
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Ia Ib Ic 'd
Wt.% additives| 11.26 | 1794 | 2593 | 3197
Tsinter (°C) 1800 1800 1600 1600
tanter (h) 1 1 1 1
Fired density 315 319 325 325
(g cm-3)
Relative (%) 96 5 96 1 97 3 94 4
% Weight loss 08 18 13 13
B/a x100 92 100 l 100 95
Table 51 Fired densities and weight losses for

compositions within Series |

IIa IIb Ilc I1d
Wt.% additives|{ 1126 | 1799 | 2449 | 3106
Tonter (°C) 1800 1800 1700 1700
tsinter (M) 1 1 1 1
Fired density 315 318 316 315
(g cm-3)
Relative (%) 96 5 97 6 96 5 95 1
% Weightloss 08 09 09 10
f/a x100 92 100 100 96
Table 52 Fired densities and weightlosses for

compositions within SeriesII
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[IIa OIb IIlc IId IITe

W1t % additives 5 41 12 57 19 39 25.93 32 17
Tsinter (°C) 1800 1800 1800 1700 1700
tainter (1) 1 1 2 2 2

Fired density 295 319 328 324 n/a
(g cm-3)

Relative (%) 925 99 1 99 9 99 5 n/a
% Weight loss 03 01 06 01 n/a
B/ax100 100 100 100 95 88

Table53 Fired densities and weight losses for
compositions within Series [IT (n/a notavailable
due to severe bleating)
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was far rnore effective than using a passive powder bed such as BN since a
partial pressure equilibrium between the sample and the bed s achieved in
the former.

Overall, the weight losses suggest that there is only minor compositional
shift occurring during sintering and, therefore, the desired compositions
were achieved. This 1s in agreement with Spacie et al 63 who obtained
desired single crystalline phases upon sintering only when the weight losses
were kept below 2% at a sintering temperature of 1650C-1850°C in a
nitrogen atmosphere  However, other authors were unable to achieve
single crystalline phases during sintering: Sancers et al 50 observed weight
losses as high as 8% in samples sintered at 2140°C for 1 hour at 2 5 MPa
These severe weight losses can be attnibuted to a shift of the overall
composttion away from the B’-Sialon region as a result of volatilization,
despite the use of a nitrogen overpressute. Furthermore, the boron nitride
discs used to separate specamens were not successful 1in preventing weight
losses since convection of volatile species 1s possible in the absence of the
physical barrier of a packing bed.

5.1.2 Phases Formed upon Sintering

As the aim of this research work was to produce a two-phase (f + YAG)
system through heat treatment, 1t was essential that the sintered samples
contained only §§ as the crystalline phase plus an amorphous glass prior to
devitrification The presence of any untransformed a-Si3Ng leads to a
decrease 1r mechanical strength and toughness due to 1ts grain morphology
81,93, This 1s because, as discussed in Section 2 6, a-Si3Ng 15 equiaxed in nature
whereas -S13Ng4 1s acicular  The high aspectratio of § grains means that more
energy 1s required for crack propagation, producing a more tortuous

intergranular creck path
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X-ray diffraction of the sintered samples showed only one crystalline
phase, namely B, in almost all cases, the exceptions being Ia, Id and IId,
which contained residual a silicon nitride (< 8 % a). The incomplete
transformation of these samples 1s associated with volatihzation (causing
shght compositional shifts) and/or low sintering temperatures. Ille
contained only 88% f upon sintering; in view of this and the fact that the
sample had undergone severe blcating, this composition was not used in
subsequent experiments

Spacie et al 63 found that compositions rich in Al formed small amounts of
polytypoids with neghgible weight losses, typically 12H ana/or 15R. The
compositions used in this study contained only a limited amount of
aluminum, most of the compositions were close to the SigNg corner of the
phase diagram shown in Figure 4.1, and therefore the likelihood of forming
polytypoids was minimal

Other authors23.41 have reported difficulties in achieving a single
crystalline phase system upon sintering. In most cases, formation of
crystalline phases other than f can be attributed to the following:

1. reaction kinetics at different temperatures.

2 changes in thermodynamic equilibrium as a function of temperature.

3 precapitation of second phases from liquids or glass phases on cooling.

The presence of residual a-Si3Ng indicates that the system has not yet reached
equihibrium 41 In general, as the sintering temperature is increased, the
more likely 1t 1s that B-Si3Ng will be the only crystalline phase upon sintering
since transformation of a to f 1s thermodynamicaily favorable at
temperatures greater than 1400°C (see Section 2.3 4). Although full

densification can be achieved with incomplete conversion, residual a
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indicates that the fabrication conditions were insufficzent to allow
completion of thistransformation 82

The cooling rate can affect the extent of long-range diffusion, that is,
whether enough time s available for 1ons to reorganize into a structured
network such as a crystal Hence, the faster the cooling rate from the
sintering temperature, the less likely devitrification of the glass Based on
the theory of glass formation (Section 2 51 2), 1t can be said that the cooling
rate after sintering was high enough to prevent the crystallization of glass
Thus, the viscosity of the liquid phase as it was being cooled was high enough
(due to the presence of N) to prevent the rearrangement of the species into a
structured network Hence, the formation and growth of crystals was
avoided, resulting in a glass upon cooling of the liquid It should therefore
be possible to devitrify this YSialon glass if proper heat treatment conditions
are applied

In cases where multi-crystailine phases are present after sintering, it 1s
impossible to achieve only B + YAG when heat treating at temperatures
below 1400°C. Thisis princapally because these secondary crystaliine phases
only become liguid at temperatures above 1600°C 63 and would therefore
always be present when the heat treatment is carried out below therr
melting points In cther words, to obtain a two-phase system upon heat
treatment, only B-Sialon and glass must be present after sintering 1t 15 this
glassy phase whichissubsequently devitnified to form YAG
5.13 Z Value

The extent of aluminum and oxygen substitution within the Si3Ng lattice,
which is quantified by the z value, 1s determined most easily by measurement
of the lattice parameters of the unit cell through x-ray diffraction.These

observed values were compared with the predicted values for ali three series
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of composittons in Figures 5 1-53 (The predicted z values of the
compositions were calculated based on the equivalent percents of 1ons in the
starting materials, a sample calculation i1s given in Appendix 8)

The graphs (Figures 5 1-5 3) represent the effect of additive content on
the z value of each series As was expected, the predicted z values in Series [
and Il show an increase with increasing additive content, since the amounts
of AlI3+ and 02 jons available for substitution increase with additive
content (See Tables 4 4-4 6) Throughout Series III, the predicted z value
remains at zero as these compositions lie on the SizNg-YAG tie line
However, the calculated z values did not correlate well with the predicted
values Asseenin Figures 5 1and 5 2, most of the observed values (solid line)
for Series [ and Il were below the predicted values (dashed line); some of
the higher additive compositions within Series ITI (Figure 5 3) had calculated
z values of upto 13, implying that these compositions actually do not lie
along the Si3Ng-YAG tie line It can therefore be postulated that, in all three
series, the system had not reached equtlibrium under the sintering
conditions used In the present study

The substitution of Al and O does occur within the silicon nitride lattice,
however the extent of substitution is not easily controlled during sintering
In Series [ and II, the calculated z values were below the predicted data That
ts, less aluminum and oxygen ions have diffused within the silicon nitride but
remain in the liquid phase, and hence in the glass on cooling

Compositions within Series I11, on the other hand, show the existence of
Al and O within the Si3Ng lattice, thisshould not have occurred based on the
calculated starting compositions and, since they lie on the SizN4-YAG tie,
should have resulted in $-Si3Ng + glass upon sintering The fact that Al and O

substitution has taken place implies that the compositions have undergone
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an equilibrium shift from the starting matenal and that the residual glass

phase issomewhat depleted of Aland O

Although many authers 54,94 discuss the effect of z values on the
properties of sialons (1 e with respect to grain growth), there are no reports
which have studied the variability of substitution in terme of transformation,
liguid volume present, and grain size as discussed n this thesis. Lee et al 94
observed that the z value increased with increasing a to B transformation,
however, as the conversion was incomplete, with some samples containing as
much as 95% a, equilibrium of the system cannot have been attained In
therr study, sintering was performed at 1600°C-1650°C for anywhere from 1 5
minutesto 16 hours Thetr ability to reliably evaluate the z value 1s therefore
doubtful The peak intensities used for the lattice parameters as per
Gauckler 95 for samples containing 2% [ would be very low If not
immeasurable That is, for 100% B-S13Ng the intensities of the peaks
measured n this study range from 2-14% of I/Imax, so for a sample
containing only 2% @', these intensities would be below the detection hmit.
Also, they based their z value on only the c lattice rather than the average of
both the a and c lattice parameters without any apparent justification for
this

As concluded by Hawviar and Johannesen 96, few experimental details
about sample preparation, analysis of compositions and unit cell
determinations are ever reported in literature and so, 1t 1s difficult to make

comparnisons between results of different studies

52 THE HEAT TREATMENT STAGE
As outlined in Section 4.1, the three series of compositions were heat

treated at 1100°C and 1400°C for 10, 20, 50 and 100 hours in order to
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establish the ideal annealing conditions. This heat treatment optimization
was based on the following critena:
1 the formation of Y3AlsO12 (YAG) as the major or, If possible, only

devitrification product (determined by XRD?, and
2. the maximum devitrification of the glassy phase to form YAG

The extent ot devitrification was evaluated by a comparison of the
observed amount of YAG formed (by XkD) and the theoretical amount
(based on the starting compositions and assuming that complete
devitrification to B+ YAG was achieved) Series I and III should show an
increasing YAG content with increasing additive content, while Series IT
should have a constant amount of YAG with increasing additive content,
since the liquid content was kept constant

In all cases, the weight losses were minimal due to the low annealing
temperatures, and it could be assumed that no significant compositional shift
occurred due to volatilization during the process, according to Eq 51
Therefore, the predicted amount of YAG based on the starting compositions
was a valid means of assessing the expected extent of devitrification

5.2.1 Weight Losses and Densities

Weight changes after heat treatment at 1100°C and 1400°C were within
*+1.5%. Thus, the same argument discussed in the previous section is still
valid and the compositions should lie within the predicted area of the phase
diagram.

A slight increase in density (up to 3% 1n some compaositions) was also
observed in some compositions after heat treatment Asdiscussed in Section
2.5.2.1, crystailization of a glass 1s often accompanied by a small volume
change due to specific gravity differences between the crystal and the parent

glass. In this case, the density of YAG (4 5g ¢m-3) i1s much greater than that
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of a Y-Stalon glass (3 8-4 0 g cm-3), resulting in @ velume shrinkage and thus
an increase In the overall density.

A more important phenomenon associated with the crystallization
process s the difference between the thermal coefficients (a) of the glass and
YAG No data s availlable for the thermal expansion coefficrents of a Y-
Sialon glass, however Hyatt and Day 73 report that the thermal expansion
coefficient of Y-aluminosilicate glasses range from 3 1-7 0x10-6 C-1, which
would imply that the vaiues for Y-Sialon glasses would be slightly lower This
Is because nitrogen will bond tetrahedrally to Si, the overall covalent bond
strengths i1n the glass are stronger 97, leading to lower thermal expansion
The values of a for YAG is 8 2x10-6 C-1, which i1s considerably larger than that
of the glass This gradient can have deleterious effects on the mechanical
properties of the ceramic, especially at elevated temperature (see later).

§5 2.2 Phase Formed after Heat Treatment

Tables 5 4-5 6 list the phases present after heat treatment at 1100°C and
1400°C for the different annealing times At 1100°C several crystalline
phasesare formed such as Y3251207, mullite, melilite and YAG; however, in all
compositions, these were found in relatively small amounts, e g <5w/o for
compositionscontaining ~ 11w/o additive, and ~15w/o for highadditive (33w/o)
compositions ; this implies that in most cases little of the glass phase had
crystallized It s therefore clear that this lower temperature i1s inadequate
for devitnification, especially for the formation of YAG, and that other
crystalline phases are more stable at this temperature

Thomas and Ahn 98 found that devitrification at 1100°C of nitrogen
containing glasses was at best very sluggish compared to pure oxide glasses,
and attributed the slower rates of nucleation of the Y-Sialon glass to the

presence of nitrogen, which decreases the tendency for the giass to devitrify
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Ia Ib Ic Id
1100°C | 1400°C | 1100°C | 1400°C | 1100°C | 1400°C{ 1100°C | 1400°C
A/S | B.a,+ B.a B B B+ L+ B,a B, a
10h B B p B p B B B
YS trYAG |tr YAG | YAG+ | YAG+ | YAG YAG
- + + YS +
20h B B, p p B B B p
YS JtrYAG| YS+ YAG |YAG+ |YAG+ |YAG+ | YAG
tr YAG
50h | B.YS B, g 8 8 g B B
tr YAG {tr YAG | YAG YAG YAG |[YAG+ | YAG YAG
M+ trYS+ YS + YS +
100h B g B {]
YAG + YAG + YAG +
Table5.4. SeriesI-Phases formed upon heat treatment

YS- Y2S51207
YAG - Y3AI504>
M- melilite
+ -trace unknown
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IIa ITb Ic d
1100°C§ 1400°C | 1100°C | 1400°C{ 1100°C { 1400°C 1 1100°C | 1400°C
A/S | Ba, + B,a B+ B+ B B B,a B.a
10h g B B 1 B p n/a g B
YS trYAG | tr YAG M M M+
+ + YS +
20h B B, B B B B B p
YS jtrYAGitrYAG|tr YAG M tr YAG M M
+ + M YS+ |trYAG
50h | B,Y B, p B B B p B
tr YAG | tr YAG YS trYAG YS YAG YS + YAG
M r YAG + Y, M M
+ +
100n p p p
YAG YAG YAG
| M+

Table 5.5. SeriesII-

YS -Y3Si207
YAG - Y3AIsO12

M - melilite

+ -trace unknown
n/a - not available

Phases Formed Upon Heat Treatment.
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1I1a IiIb HIc Itid Ile
1100°C | 1400°C{ 1100°C { 1400°C | 1100°C ] 1400°C | 1100°C ] 1400°C} 1100°C| 1400°C
AIS | B+ B+ B+ B+ p B B B Ba fa
10h B B B B n/a B n/a g n/a B
YS YS YAG YS YAG YAG YAG
trYAG + Y + tr YAG
20h B B n/a B n/a B n/a p
YS YS YS YS YAG YAG YAG
tr YAG {tr YAG | tr YAG | tr YAG
+ + + +
50h , n/a n/a B
tr Y%\G w g’AG \PS \PS n/a YEG YgG YAG
M+ + trYAG! YAG +
M+
100h B B B B B
YS YAG YAG YAG
YAG
Table 5.6. SeriesIII - Phases Formed Upon Heat Treatment.
YS - Y25i207
YAG - Y3Al5013
M - melilite

+ -trace unknown

n/a - not available




presence of nitrogen, which decreases the tendency for the glass to devitrify.
They reported that 24 hours of heat treatment at 1100°C resulted in stable
crystalline phases other than YAG being formed (such as Y;S5i207 and
mullite), as was the case in the present study. They attributed the formation
cf these phases to the slow nucleauon kinetics of YAG at this low
temperature.

The number of phases crystallized at a heat treatment temperature of
1400°C 1s more limited. In almost all compositions, YAG was present as the
major devitrification product and was found in significant amounts. Some
exceptions to this are Ia and IIla which showed no devitrification to YAG
even after 100 hours of heat treatment Both these compositions had low
additive content and would therefore be greatly affected by any shift in
additive composition. An underestimation of the oxygen content, and hence
the silica content (introduced by processing), in these phases would greatly
affect the glass composttion. Small changes in the SiO; content would shift
the compositions out of the field of interest (B+YAG) in the system The
effect of this shift will be discussed in a subsequent section (Section 5.6.1.1)

The presence of mullite in alumina-nch compositions Ilc and d and
yttrium silicate (Y251,07) in some low additive (IIlb) compositions together
with YAG can be explained in terms of the phase diagram for the system
(refer to Figure 2 26) Compositions IIc and d le close to the Al303N phase
and are rich in Al;03, they would therefore be more likely to form an Al;03-
based crystalline product Composition ITlb , in which Y2S1207 was detected,
may have had an excess of S1I07 present, which would shift the composition
out of the Si13Ng-S12A1304N4-YAG field and into the adjacent SiOz-rich side

where Y351207 1s the most likely phase to form.
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5.3 OPTIMIZATION OF HEAT TREATMENT CONDITIONS

5.2.1 Temperature

Aheattreatment temperaiure of ~1400°isrequired to allow fornucleation
and growth of YAG crystals, at the lower temperature of 1100°C, other
phases (i.e. Y251207) with higher rates of nucleation and growth than YAG
will tend to form. The choice of a higher annealing temperature is also
supported by comparnng the amount of YAG formed at 1100°C and 1400°C,
shown in Figure 54 At 1400°C, the nucleatien of YAG i1s visible after 0-10
hours of heat treatment, whereas at the lower temperature of 1100°C, 20-50
hours of annealing i1s required for the detection of YAG Also, after 100
hours at 1400°C, approximately three times more YAG s formed than after
the same time at 1100°C, te 33wt % vs. 11wt % YAG, respectively This
improved devrtrification at the elevated heat treatment temperature was
observed in almost all cases.

Successful crystallization of the glassy phase to YAG :n sialons has been
shown to occur at 1403°C Greil et al 62 found that with sohd solutions
compositionsof z=04-1.5,1 e similar to the theoretical substitution levels in
this study, crystallization was only observed below 1450°C which 1s close to
the lowest hquid composition in this system45.74, and with a maximum rate
of devitrification at 1380°C Butler et al 54 relate the crystalhization of YAG
over Y351207 to the level of polytype addition At low substitution levels,
they found the major crystallization product to be the disilicate, together
with a considerable amount of residual glass, while at high levels of
polytype, the major crystallization phase was YAG, with a minimal amount of
residual glass However, the study is vague in that there 1s no indication of
the starting material composition nor the annealing conditions  This

relationship between the substitution level and YAG formation was not
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observed in this study. In fact, devitrification of the glass to YAG occurred at
substitution levelsfrom z=0up to 1.8.
5.3.2 Time

The length of heat treatment time determines the degree of grain
growth of nucleated crystals within the glassy phase. Asdiscussed in Section
2.5.1.1, the volume fraction of glass crystallized s related to time (V « t #)
The volume fraction of glass crystallized was generally found to increase with
heat treatment, however, the time exponent, which in theorey should be
0.2',, varied between 0.06 and 0.5, indicating fluctuations in the rate of
crystallization.

Figures 5.5 to 57 show the effect of heat treatment time at 1400°C on the
amount of YAG formed for Series I, I and III, respectively. Compositions
within Series I show a stabilization in devitrification after 20-50 hours of heat
treatment, whereas 50-100 hours are required for most of the compositions
in the other two series. Therefore, 1t 1s assumed that the system has reached
equilibrium 1n Series I in that no more glass will devitrify under these
conditions Composition la shows some devitrification to YAG after 10 hours
annealing, but no YAG formation after longer periods of time This can be
attributed to sample variation as only one sample for each heat treatment
time was used for analysis All compositions within Series II and some within
Series ITI (c and d) do not show signs of having reached equilibrium after 100
hours as the plateau observed in Series I 1s non-existent, once again this may
be due sample to sample variation, but is more likely because of a non-
equilibrium state of the system

In summary, 1t can be concluded that the ideal heat treatment
temperature for achieving (f+YAG) 1s 1400°C. The annealing time,

however, 1s composition-dependent, ranging from 50 hours for Series 1 to
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more than 100 hours for most of Series I and III. (these would require longer
heat treatment times for the system to reach equilibnium). However, after
100 hours, all compositions within these two series contained mainly p and
YAG, and no other crystalline phases were observed in significant amounts
(i.e.<5%).

5.3.3 Zvaiue

As discussed in Section 2.5.1.4, the devitrification of the Y-Sialon glass to
YAG should result in a decrease in z value as excess St and N from the giass
diffuse back into the SizNg lattice, according to Equation 2.20. Lewis et al. 98
found that the major effect of heat treatment was a decrease in the overall
substitution level due to this diffusion process. However, Hohnke and Tien 74
found a decrease in lattice parameters with annealing time and attributed it
simply to compositional changesin the p phase.

The variation of the z value with heat treatment time 1s illustrated for two
of the compositions in Figures 5.8 and 5.9. The extent of substitution varies
extensively with annealing time Even after 100 hours of annealing, the z
values do not correlate with the theoretical values based on compositions
and assuming B’ + YAG formation only This randomness in 2 value with heat
treatment time was observed in all compositions Therefore, it can be
concluded that the z value cannot be predicted based on the starting
compositions of the samples since the effect of heat treatment on the extent
of solid solution substitution is quite variable, with no visible trends
observed. In addition, the Sialon system does not reach equilibrium, in some

cases even after 100 hours of heat treatment.
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[t must also be emphasized that these z values were based on one sample
per heat treatment time, thus some vanation in z value was expected But

despite this, the z values calculated were much below the theoretical values.

54 THE EFFECT OF ADDITIVE CONTENT ON DEVITRIFICATION
The extent of devitrificatian, or YAG formation, was evaluated in terms of

the additive content of the compositions for samples heat treated at 1400°C

for 100 hours Figure 5 10 ilustrates this effect. Ia, the lowest additive
content of Series I, showed nosigns of devitrification, even after 100 hours of
annealing. Conversely, Id, a high additive composition, underwent full
dewvitrification after only 50 hours The order of increasing additive content
within this series 1s [a<Ib<Ic<Id. This ascending order is also reflected in
the increasing extent of devitnification (wt.% YAG formed)in all three series

The effect of additive content on YAG formation was analyzed in terms of
the amount of Y3+ and AlI3+ present (shown in Figure 5 11) since these are
the cations that are required in the formation of YAG (Y3AlsO13) Three
conclusions can be drawn from this graph-

1 the more abundantthe Y3+ and AI3 + cations, the greater the amount of
YAG formation IIb contains 21e/o of these cations and undergoes 34%
devitrification, whereas ITe contains 34e/o Y3+ + Al3 -, and is almaost fully
devitrified (95%).

2 The formation of YAG is independent of the amount of liquid phase
Series II, which has a constant liquid volume with increasing additive
content, undergoes similar devitrification behaviour to Series I and II,
which both had increasing liquid content with additive content.

3 Deuwvitrification does not depend upon the z value (refer to Section 5.3).

After heat treatment, no distinct trend was observed in z values
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Therefore, the z value cannot be related to the devitnfication process
since there 1s no correlation between the kinetics of crystallization and
the extent of substitution (see Figures 5 8-5 10)

The third conclusion 1s in disagreement with some authors  Greil et al 62
found that the total amount of crystallized glass was strongly dependent on
the B'-solid solution composition They found that devitrification of the glass
to YAG was accelerated by increasing the Al and O content of the solid
solution composition Also, Butler et al. 54 related the crystallization of YAG
with little residual glass to high substitution levels, but as mentioned earlier,
the report s ambiguous in terms of heat treatment conditions There are no
other reports available which study the effects of composition on

dewvitrification to YAG Thus, a comparison of results is not feasible

5.5 GRAIN MORPHOLOGY

The microstructures of sintered compositions were studied by scanning
electron microscopy Low additive content samples were found to have
larger and more acicular grains than high additive content compositions
which were more spherical in nature (Table 57) This 1s seen when
comparing Ia (11w/o additives) with Id (32w/o additives) shown in Figures
5.12 and 5 13, respectively The grain structure of Ia s highly accular in
nature, with an average gramn size of 0 7 um, as opposed to Id which shows a
more equiaxed and finer structure, with an average grain size of 0 3um This
difference in morphology can be explained primanly by the differences in
sintering conditions Ia was sintered at 1800°C while Id was sintered at a
lower temperature of 1600°C, both for 1 hour The higher sintering
temperature allows for a decrease in the viscosity of the liquid and a higher

diffusion rate for precapitation and grain growth of -Si3Ng 1t would also
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Sintering | Ave. Grain
Composition Temp. Size Morphology
(°C) (nm)

Ib 1800 0.6 4

Ic 1600 0.3 2
Id 1600 03 2
Iib 1800 05 5
IIc 1700 04 3
IId 1700 04 3
OIb 1800 07 5
ITlc 1800 07 5
II1d 1700 05 2/3
IIle 1700 05 2/3

Table57. Particle morphology of sintered
compositions 1 = equiaxed, 2 =
equiaxed/acicular, 3 = accular/equiaxed,
4 = acicular, 5 = highly acicular,
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Figure 5.12. Microstructure of Ia, containing 11w/o additives.

Figure 5 13 Microstructure of Id, containing 32w/o additives
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Bl

follow that the low additive compositions would have a higher strength than
the high additive content compositions, as the morphoiogy of the former s
more desirable in terms of mproved mechanical properties

The observed increase in grain size with sintering temperature is in
agreement with Ekstrom et al. 92 who found that at low sintering
temperatures (1600°C), the grain size was smaller and more equiaxed than at
high sintering temperatures (1800°C), where the presence of larger
elongated grains with high aspect ratios predominated Tani et al. 99 also
observed an increase in grain size of hot pressed Si3Ng with increasing
sintering temperatures' the grains grevv to 5, 20 and 40 um at 1600°C (2MPa),
1900°C (3MPa) and 2000°C (4MPa), respectively, but maintained the same

aspeciratioof ~ 10

56 TRANSMISSION ELECTRON MICROSCOPY

In the previous sections, the effect of heat treatment on various
compositions was studied on a macroscopic level; the phases present, the z
value, and the extent of devitrification were obtained on bulk samples by x-
ray diffraction However, detailed chemical information and microstructural
characterization can only be obtained by transmission electron
microscopy!00 In the present study, a combination of microscopy and
analysis techmiques (TEM, STEM, EDS and EELS) were used It must be
emphasized here that electron microscopy involves the analysis of very small
volumes of samples which may not always be representative of the bulk
sample  Also, EDS results obtained are at best semi-quantitative due to
inherent errors 1n the technique (1 e absorption, overlap) For a more In-

depth analysis of errors see Reference 90 Thus electron microscopy
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techniques used in this study were only to substantiate resuits obtamed by
bulk analysis of the samples

5 6.1 Analysis of the Devitrification Process

Three groups of samples (Table 5 8) were studied by TEM, based on the

Calculated o/
Sample wtef’oﬁreYtlAcél V\(/kt);{)x\fgé)G DEVIt:Ierd
la 14 3 0 0
Ha 14 0 0
b 14 6 7 34
b 256 23 11
Id 328 328 100

Table58 TEM samples studied based on
extent ofdevitrification

extent of devitnfication that occurred after 100 hours at 1400°C, they were
(1) sampleswhich showed ne devitrification (Ia, Il1a)

(1) samples which were partially crystallized (IIb, IIIb)

()  sampleswhich were fully devitrified to YAG (Id)

As was seen In Section 5 4, the extent of devitnfication was dependent
upon the amount of additives present Low additive compositions showed
poor devitrification while those with high additive content were fully
devitrified. Therefore, high resolution electron (HREM) was used to
determine the differences in sample composition and microstructural
morphologies which result in different degrees of devitrification

Some authors 61,102 have postulated ‘hatdewvitrification of glass pocketsis
dependent upon the size of the pockets Falk and Dunlop 6! found that in

samples heat treated in air at low temperatures, smaller glass pockets did not
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either wollastonite and Y,SiOg after 6 hours at 1100°C, or N-apatite and
Y2S1,07 after 24 hours at 1200°C. At higher temperatures (1400°C), where
the predominant crystallization phase was Y251207, they found large volumes
of glassy phases remaining in the sample, the presence of which they
attributed to the formation of a liquid phase within the S102-Y,03-Al,03
system during devitrification It must be emphasized that these heat
treatments were done in an oxidizing environment rather than an inert
atsmosphere as in the present study. This may account for the fact that no
YAG was formed under any arcumstances in air. Furthermore, no lhiquid
phase formation was observed in this study during the devitrification of YAG.
Also crystallization of the glass to YAG was not found to be dependent on
pocket size Rather devitrification of glass pockets seemed to be more
environment-dependent (see Section 5 6.1.2).
56.11 Poor Devitrification

Figures 5 14 shows the typical high resolution microstructure of a low
additive sintered sample (Illa) The hexagonal nature of the SizNg grains s
very clear, also, there 1s quite a large range of grain sizes observed, from
0.7um down to 0 Tpm which may be either not fully developed precipitated
B grains or more probably a sample thinning artifact These grains are aiso
completely wetted by the Y-Si-Al-O-N glass phase, with pockets forming at
the triple points The grain boundary phases are undoubtedly glass as their
diffraction patterns are typical of an amorphous phase, with the diffuse rings
(Figure 5 15) The size of the glass pockets i1s also variable

Neither Illa nor Ia underwent any detectable devitrification Energy
dispersive spectroscopy (EDS) of Ia as sintered material showed very high S
content in the glass pocket (Figure 516, Table 59). 1mplying that these

glasses, which are rich in $103, and therefore would be harder to devitrify
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Figure 5.14. Microstructure of [la, containing Sw/o additives.

Figure 5 15 Selected area diffraction of glass pocket.
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Equivaient %

Y3+ S14 + Al +

Iaas 20 53 22
20 45 35

15 61 24

IaHT 17 62 2
21 46 33

22 50 28

Table 59. Equivalent % catiens in Ia

sintered (AS) and heat treated

(HT) for 100 hours at 14G)°C
The chemical composiion of the heat treated glass pockets (Figure 5.17,
Table 5.9) were comparable to the as sintered glass pockets, with
compositional variation from pocket to pocket indicating that heat
treatment had very little effect on the grain boundary phases. Once again,
these were very high in silicon, and explain why crystailization was not
attained.

Since the starting compositions were carefully controlled, this excess Si or
$10; detected by EDS must have been introduced during processing n the
form of surface oxide on the powders. As the additive content of 1a and IIla
is very low (11 and Swi.%, respectively), a few percent excess $:02 would
have a far greater effect on the glass compesition than in high additive
content samples. This, therefore, explains the lack of devitrification in the
low additive compositions.

The belief that pocketsize has an effect on devitrification, as proposed by
Raj and Lange10! and Falk and Dunlop35 was not chserved here, since no
crystalline pockets were found, irrespective of size. Therefore, the fack of

devitrification in these low add:tive sampies i1s primanly explained by the
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crystalline pockets were found, irrespective of size Therefore, the lack of
high S content of the grain boundary phase stabilizing the glass with
insufficent amounts of Y, Al and O being available to form YAG

The compositions of the glasses (Table 59), lie within the glass-forming
region shown in Figure 5 18, and are far away from the desired YAG phase on
the Y;03-Al,03 tie iine. Therefore, devitrification of these glasses to YAG is
not feasible
5.6.1.2 Partial Devitrification

Compositions which showed partial devitrification were studied to
determine where crystallization occurred, 1 e whether YAG formation was
dependent on Si3Ng grain size or the size of pocket or whether it was due to
compositional variation within the sample

Figure 5 191s a m'crograph of a general area within a moderate additive
content composition (IIb) which was annealed at 1400°C for 100 hours EDS
of the pockets within the region was performed to determine whether or not
the pocket was crystallized to YAG Crystallized regions are highlighted on
the figure All pockets were found to be dewitrified to YAG, therefore,
crystallization was viewed as being independent of pocket size  EDS was
also performed on the area adjacent to the one illustrated in Figure 5 19, and
1s shown 1n Figure 520 Although some YAG pockets were found, glass was
identified within most of theregion Once again, the pockets which did not
dewvitrify were of variable sizes.

it can therefore be conduded from this that devitrification of glass occurs
in localized areas Compositional vartation exists within regions of the
sample, whereby crystallization of only certain pockets of the right chemical
composition will occur One explanation to account for this compositional

variation within the sample 1s inhomogeneous mixing of the starting
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Figure 5.18. Glass compositions determined by EDS of as-
sintered (o) and heat treated (x) compositions.
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matenals This could result in glass pockets which are richer in Si and hence
harder to devitrify than those with low St content. In the heat treated
samples, the glass pockets which did not devitrify to YAG were generally
found to be quite high in Si, with the amount of Y and Al being quite
variable The influence of glass composition on the ease of crystallization
was also observed by Lewis et al 99, who found that silicate liquid of high
viscosities, 1 @ high Si, as in this study have high viscosities at temperatures
below the the equilibrium liquidus for the garnet phase and require
prolonged heat treatment for crystallization

Another finding which supports the belief of compositional variation of
the liquid phase 1s that the AI/O content within the Si3Ng lattice varied from

grain to grain, as seen in the EDS results in Table 510 In the two  grains

Al St [ z value

B-S13N4 115 24
B-S13N4 136 13

Table 5 10. Vanationin z value
with 3 graimns.

analyzed, the z value varied from 13 to 24 This would suggest that the
liquid surrounding the  grainswas not homogeneous, being richerin Al and
O in some regions, and therefore more available for substitution On the
other hand, sintered glass regions which are Al and O rich would be more
favored to form YAG on annealing This vanation in liquid composition 1s
possibly due to the similar particle sizes of the starting matenal, which after
mixing, could concentrate in areas so as to produce pockets or areas which

are rnich in Al (and others nich 1n Y) The large availability of Al would
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therefore result in a greater substitution within surrounding §' grains
Conversely, liquid areaswhich are richin Y, for example, would tend to result
in low substitution of Alinto neighbourning f' grains

Compositional inhomogenerty of p grains was also observed by Bonnell et
al. 103 They found that the Al content of small § grains was lower than that
of the large grains and attributed this variation to differences in equilibrium
rates of the grains That 1s, the smaller grains, with a higher surface-to-
volume ratio, equilibrate faster than the larger grains as the samples cool
Also, the initial glass composition, which 1s Al rich, will be compatible with a
highly substituted silicon nitnide As Al continues to be absorbed into the
Si3Ng4, the glass becomes less rich 1n Al and will be in local equthibrium with
Si3Ng at a lower Al content The authors assumed that the largest grains
were the first to nucleate, and therefore had the highest Al content

It 1s generally believed 65 that YAG forms as a single crystal around the
Si3Ng grains  Greil et al 82 reported that after crystallization, single YAG
regions could be detected at triple points They determined that during the
dewvitrification stage, only a few YAG nuclet grow, resuiting in large single
phaseregions of YAG having the same orientation, such that the triple points
were all interconnected Lewis et al 99 aiso found that over very large
electron-transparent areas (10-30 f grain diameters) the garnet phase had a
constant crystallographic orientation Thus, few nuclet form within the large
volume of material, these nucler are believed to be internal microcavities
ratherthan p’-glass interfaces which result from a compositional influence

The formation of single garnet crystals in large areas of sample was also
observed In this study Figure 521 shows the general area of  + YAG,

selected area diffraction (SAD) of the dewvitnified regions shown in Figure
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Figure 5.21. Crystallized YAG pockets around f} grain, showing single crystal formation:
(a)-(d) selected area diffraction of YAG pockets showing same orientation.




5.21(b-d) show the pockets to be of the same orientation, and that the YAG
forms as asingle crystal around the § gramn
5.6.1 3 Fully Dewitnfied Samples

Compositions which showed full devitrification as verified by x-ray
diffraction were also studied by HREM (Id, IId) It s generally accepted (Falk
& Dunlop)6! that an amorphous phase always remains along the grain
boundary interfaces of grains This was also observed in the present study
where even in fully devitrified samples, an amorphous grain boundary phase
was always present, as seen in Figure 5 22, (the glass band i1s highlighted by
white arrows) HREM of two adjacent Si3Ng grains show that the lattice
fringes almost go up to the edges of the grain but are separated by an
amorphous band 1-2 nm thick

Petzow and Greil 104 reported that grain boundaries and morphologies
were dependent on the amount of liquid phase present The grain
boundaries of compositions which had a large liquid volume were straight,
whereas in low liquid content structures, the grain boundaries were typically
curved and overlapping This wasnotseen in the samplesstudied here Little
difference in grain boundary characteristics is observed between Ila (Figure
5 23) which contains 11w/oc additives, and IId (Figure 5 24), with 32w/o
additives

Dewvitrification of the Y-Sialon glass to YAG was found to be primarily
dependent on composition In samples which showed no devitrification to
YAG, the glasses were found to be extremely high in Si (a glass-stabilizer),
believed to have been introduced during powder processing In partially
devitrified samples, crystallization of the glass was composition-¢!2pendent

in that crystallization of YAG occurred in distinct areas, and was independent
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Figure 522 HREM of B-p interface separated by a thin
amorphous band.
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Figure 5.23. Low additive composition showing straight
grain boundary edges.

Figure 5 24 High additive composition showing straight
grain boundary edges
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of pocket size In fully devitrified samples, an amorphous arain boundary
phase alwaysremained between the B-B and f-YAG interfaces.

562 EELS Analysis

As discussed in Section 5 1 3, some authors believe that heat treatment of
stalons results in the diffusion of S1 and N from the glass back into the Si3Ng
grains EELS analysis of two as-sintered and heat treated samples
1400°C/100h (11a and IIb) unequivocally show the presence of N in the glass
phase after annealing (Figures 5.25 and 5.26) Both compositions contained
substantial amount of nitrogen with respectto oxygen, upon heat treatment

(Table 5 11) Although it was not possible to establish the atomic ratios of all

AS SINTERED | HEAT TREATED

8] N 0] N
(e/o) | (e/o) (e/o) (e/o)

Ha g7 3 36 64

Ib 46 54 46 54
Table 5 11 Anion ratios in as sintered and

heat treated samples

the elen.ents, the anion ratios (N'O) in Table 5 11 do show up to 64e/o N in
one of the samples. It can be said that heat treatment does not allow for the
total diffusion of S1 and N back into the Si3Ng lattice, leaving a glass
containing only Y, Al and O Nitrogen does exist in the glass phase after
sintering, as was observed by other authors in bulk glasses 68-72  During
hquid phase sintering, the St and N from a-Si3Ng dissolve in the liquid phase
and reprecipitate as B-Si3Ng, thus, the presence of residual N in the glass is

not unusual
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57 MECHANICAL PROPERTIES

As reviewed in Chapter 2, the grain structure of a material greatly
influences its mechanical properties In general, a more accular gran
structure 1s desired over an equiaxed morphology as crack propagation is
more difficult 1n the former Maore importantly, the room temperature
strength depenids on the volume and nature of the grain boundary phase If
the grain boundary phase 1s a glass, then the strength wiil be primarily
dependent on the volume fraction of glass present On the other hand,
crystaliization of the grain boundary phases will result in a lowering of the
room temperature strength, but improved high temperature creep
resistance

Room temperature strengths of all sintered compositions are listed in
Table 512 The results (Figure 527-529) show a general decrease in
strength with increasing additive content Composition Ia, which contained
~11wt % addtives, had the highest strength (602MPa) IIIb, with a similar
amount of additives (~ 13wt %) had a comparable strength of 596MPa The
lowest additive composition, I1Ib (~5wt.%) had a lower strength than [a and
[IIb This decrease can be explained by the fact that this composition only
achieved a relative density of 92 5%, compared with 96 5 and 97 8%, for Ila
and Illb, respectively Thus, residual pores within the microstructure of Illa
act as critical defects and lower the strength of the matenial. Pugh et al 8!
classified residual pores as (a) agglomerates causing differential shrinkage,
(b) pores resulting from burn-out, and (c) density iInhomegeneities leading to
poor sintering

The general decrease In strength with additive content is attributed to
the larger volume fraction of glass present As discussed in Section 2 6, the

glass 1s weaker than the parent B-Si3Ng, and tts volume will in turn affect the
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Sample (M%a)
Ia 602
Ib 565
Ic 536
Id 453
b 545
Tlc 483
od 498

Ila 488
IIIb 596
IiIc 633
I11d 555
IIle 365

Table 5.12. Average room temperature strength of
as-sintered compositions
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resulting strength of the material. This decrease m strength with glass
content was also observed by Das and Muker) 80 who showed a similar
deterioration instrength with glass content.

Figure 530 shows the strength differences between as sintered and
heat treated samples. Its clear that heat treatment has a deleterious effect
on strength for all compositions studied The percent decrease in strength
generally increases with additive content Ia (11wt %) showed a 5%
decrease, while the strengths of I'b (18wt % )and Ilc (25wt %) decreased by
~65%, and I1d (32wt.%) a 40% reduction As allthe compositions within this
series had an equal theoretical amount of YAG (14 6wt %), this difference in
strength reduction 1s associated with the amount of YAG crystallized Tllb,
of similar additive content to Ia, showed a similar reduction of strength upon
heat treatment The strength decreased from 596 MPa to 515 MPa (a 10%
decrease), with no devitrification of the glass observed

Figure 5.31 shows the effect of devitrificatton (or YAG content) on
strength Ia showed the highest strength in the series of heat treated
samples; no YAG was detected (0% dewvitrification) in the compositions with
heat treatment, thus the grain boundary phase remained a glass, and did not
greatly affect the strength (only a 5% reduction in strength with annealing
was observed) Asignificant decrease in strength was observed in IIb, which
was 34% devitrified the strength dropped from 573 MPa (as sintered) to 158
MPa Thusthisdramaticdocrease in strength with heattreatment s linked to
the crystalliza*ion of some glass pockets to YAG IIc and 1Id showed similar
decreases in strength with heat treatment, however, a shight increase 1n
strength with increasing devitrification was observed 1lb, which contained
34% YAG had astrength of 158MPa, The strengths of 11c (54% devitrnified)
and I1d (95% devitrified)were 178 MPa and 242 MPa, respectively Thisshight
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increase in strength with devitrification cannot necessarily be associated with
YAG formation Rather, it is most probably due to the more refined grain
structure observed with the higher additive compositions As discussed 1n
Section 56, the grain size was found to decrease with increasing additive
content, due to the lower sintering temperatures used Thus, [Ib had an
average grain size of 0 5um,whileIIc and d a grain size of 0 4pm

The significant drop 1n strength with the formation of YAG 1s assocated
with property changes which occur during devitrification of the YSialon
glass As discussed in Section 2 51 3. crystallization of a glass is most often
accompanied by significant changes in the thermal expansior coefficents
and densities Greil et al 62 found that residual stresses induced by the
difference in thermal expansion of [-Sialon (33 x 10-6°C-') and YAG (8 2
x 10-6°C-1) result in stresses at the YAG-B' interface that are not totally
relieved as 1s the case of the partially crystallized material Lee et al 105
stated that the volume change assocrated with crystallization (between the
glass and the crystalline phase) imposes a strain on the Si3Na grains,
deforming them and causing dislocations to ferm  In their work, they found
that extending the heat treatments tended to reduce the dislocation
densities brought about by the crystallization due to the density differance
of Y,51,07, probably through annealing No regions of high dislocation
densities were observed in the heat treated samples, nor were they expected,
since the samples under study were too thick to make such observations,
areas where these are typically seen must be extremely thin However, the
formation of YAG 1s thought to result in the formation of micropores
brought on by the differences in thermal expansion coefficierits between the

B gramns and the YAG
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Bonnell et al 65attributed strength reduction upon crystallization to high
residual stresses developed due to thermal expansion mismatch between
Si3Ng and the garnet phase They proposed that cracks could develop in
regions of concentrated tensile stress, causing the observed decreases in
strength and toughness However, they were unable to distinguish between
the contribution to this by the morphology of the grains and residual stresses
rmposed by the associated volume change upon crystallization

Hayashi et al 52 observed a similar decrease in strength upon
devitrification ot the glassy phase, and attributed this degradation to
changes of specific volume of the grain boundary phases and the difference
of thermal expansion coeffictents between Si3Ng and crystallized phases
They found strength decreases of ~19% with devitrification primarily to
melilite and a 23% reduction when the major devitrification phase was
YSI02N.

As discussed In Section 2 51, the devitrification of glass 15 also
accompanied by a difference 1n density between the crystalline phase and
the parentglass The density of YAG (4 55g cm-3) is significantly higher than
that of the YSialon glass (~3 9g cm-3), thusits formation 1s accompanied by a
substantial volume change (17%) it i1s postulated here that as the YAG s
crystallized, the shrinkage associated with its formation 1s so great that the
YAG crystals formed are no longer bonded to the parent Si3Na qrains
Rather, the crystalssit at the triple points, being supported by surrounding [}
grains (Figure 5 32) As the volume shrinkage associated with the formation
of YAG from the glass 1s so great, it 1s hardly surprising that the YAG becomes
detached from its neighbouring S13Ng grains

Few YAG crystals were identified in the thin section of the TEM samples

The majority of them were found nestled in among [} grains, as in Figure
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Figure 532 Schematicof YAG pocketsupported by pgrains

533(a) Since the YAG crystals are thought to be supported by surrounding
grains, overlap of the YAG over the 3 grain should exist Figure 5 33(b) shows
the lattice fringes of YAG overlapping the [ grain to the right of it This
lattice fringe overlap was identified in numerous triple points

571 Micropore Coalescence

As discussed above, 1t was found that upon dewitrification of the glassy
phase, the YAG crystals formed become detached from the  matrix It is
suggested that micropores are formed within the grain boundary phase due
to the specficvolume change associated with the crystallization of YAG from
the glass These pores, in turn, will act as flaws which weaken the grain
boundary phase such that under an applied stress, the pores will coalesce and
act as a path for crack propagation A similar effect 1s observed in ductile
metals, and 1s called microvoid coalescence 106 Thus, the overall effect of
this micropore coalescence 1s a deterioration in the room temperature
strength of the silicon mitride, as was observed in thisstudy dewitrification of

the glass lead to a decrease in strength of up to 40%
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Figure 5.33. (a) general microstructure of heat treated Ilb
(b) HREM of YAG and [ overlap.
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572 The YAGPhase

Some authors 99 have proposed that the yttrium aluminum garnet phase
exists as an oxynitride, Y3(S1,Al)5(O,N) 12, they based this substitution on EDS
results, which showed the presence of St and N within the garnet phase It
has been suggested 11 that any replacement of oxygen by nitrogen in YAG 15
extremely hmited What was probably observed, in most cases, was the
overlap of YAG with f§', as cbserved in this study' when x-ray analysis was
performed on the YAG crystals (Figure 5 34), St and N were also detected,
since there was interference .1 the EDS analysis from the underlying p’ grains
(as in the schematic shown in Figure 5 32) It issuggested that the existence
of St and N in YAG previously observed isdue to this phenomenon. Butler et
al 54 also detected Si and N in EDS analysis of YAG crystals, but they did not
suggest their substitution in the garnet phase However, they did not offer
any explanation for the presence of St and N in the YAG

As discussed in Section 5613, an amorphous grain boundary phase
always remains between B/B grains, however, no reports deal with the
presence of residual glass between YAG and f grains at triple points Butler
et al 54 proposed that at a critical level of polytype addition, YAG grows into
the glassy phase and excess silicon and nitrogen diffuse into the ' phase,
resulting in a microstructure of " and YAG Figure 5 35(a) 1s a HREM of a
YAG crystal partially attached to the adjacent  grain Lattice fringes of the
YAG clearly meet those of the § in the top part of Figure 5 35(b), with no
glass detected Thus, all of the S and N present in the triple point prior to
devitrification to YAG diffused into the surrounding B grains upon

crystallization
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rigure 5 35. (a) bright-field image of IIb, the triangular grain
being YAG; (b) HREM of YAG/Si3N4 overlap
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CHAPTER 6
CONCLUSIONS AND TOPICS FOR FURTHER RESEARCH

This research woik involved the systematic study of grain boundary

control in sialon systems, by compositional control of the grain boundary

phase and crystallization of the glass to a refractory pliase Three sertes of

compositions with varying additive contents were sintered to near

theoretical density; no crystallization of the grain boundary phase was

observed on cooling from the sintering temperature Diflerent annealing

conditions, | e heat treatment times and temperatures, were then applied to

maximize devitrification of the Y-SIAION glass to Y3AI50

6.1
6.1.1
(1)

(i1)

(i)

(1v)

CONCLUSIONS
Achievina B’ + YAG

Compositional control of the starting materials s essential 1n achieving
atwo-phase system of § and glass upon sintering, with complete a to |
transformation

The extent of Al and O substitution within the Si3Ng lattice could not
be predicted

A heattreatment temperature of ~1400°C is required to crystallize the
amorphous YSIAION glass to the stable Y3AI5012 (YAG) phase Lower
annealing temperatures result in the formation of other phases since
they have higher rates of nucleation and growth and are more
thermodynaricaliy stable at that temperature

The extent of devitritication to YAG is dependent on the composition
of the glass For full crystallization high Y3+ and Al3+ contents are

required The Si4+ content must be minimized as 1t tends to stabilize
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S atapis

(v)

1)

6.1.2.
(1)

(ii)

(1)

(i)

the glass, making devitrification difficult. Thus, compensation for
silicon and oxygen in the starting material (surface Si0; on Si3N4) and
due to oxidation during processing of the powders are required

The crystallization ot YAG 1s found to occur in locahzed areas and s
thought to be due to poor dispersion of the additives, resulting in
micro-compositional variations from region to region i1n the
microstructure.

The residual glass pockets which did not devitrify were found to be
high insilicon Nitrogen was also present in the glass phase after heat
treatment, implying that diffusion of St and N from the glass to [} is
incomplete or the oxynitride glass s more stable with respect to the

surrounding pgrains

The Properties of YAG

YAG crystallizes as a single crystal around the pgrains, with noresidual
glass being observed

Crystallization of the triple points 1s independent of pocket size
Rather, devitrification of the pockets 1s composition-dependent
pockets high in St will tend to remain amorphous due to the stability of
the glass phase

The room temperature strength of sialons decreases significantly with
devitrification to YAG  This is predominantly due to the volume
shrinkage associated with the formation of YAG from the glass, and
resultsin the debonding of the YAG grains from the [}’ matrix

The room temperature strengths of devitrified SIAICNS are also

affected by the grain morphology a refined grain structure (ie
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actcular particles of ~0 3pm) in devitnified samples improves the mechanical

properties.

62 FURTHERRESEARCH

(1) Improving the dispersion techniques to homogenize the additives i1s
essential to improving the extent of devitrification of the glass to
YAG Thismightrequire using non-powder additives since the particle
size of the additives are similar to that of the Si3Ng

(n) Further work on high temperature properties of devitrified samples
should be performed to monitor the effect of the extent of
crystallization on the creep rates

(1) Devitrification of YSIAION glasses to other refractory phases which
form with lower volume shrinkages should be studied, 1 e. Y,57;07
The lower shrinkages should therefore result in improved mechanical
propertiesof the SIAION, as the effect of micropore coalescence would

be reduced
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APPENDIX A

CONVERSION OF EQUIVALENT PERCENT TO WEIGHT PERCENT COMPONENTS

OF SIALON FOR IIb

(1) Convertinge/oonsto at.% elements

cation anion
Y3+ | Sid4+ | AI3+ | O2- N3-
equivalent % (e/o) 2 38 10 10 90
divide by valency 3 4 3 2 3
= atomic ratios 0 67 22 33 5 30
atomic %y 11 361 55 82 49 2

(i) At % elements in components

Y Si Al 0] N
S13Ng 42 36 276* |54 68
AIN 505 34* | 461
Y03 40 60
Al203 40 60

* based on manufacturer'sdata

(1) Conversion of at % to wt.% component

Si3Ng
at % S1 = 361

at° O =361 x276 = 2.35 Oremaining =82-235=585

2 36
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at.% N = 36.1x54 68 = 46.6 Nremaining =492-466 =2.6

42 36
mole % Si3Ng =36.1+ 235+466 = 8505%

AIN
at % N =residualN = 26

at% Al =26x501 =283 Alremaining =55-283 =267

46.1

at.% O =2.6x34 =019 Oremaining =585-019 =5 66

46 1
mole % AIN =26+283+0.19 = 5.62%

Y203
All'Y comes from Y203 only

at% yY =11
at% O =1.1x60 =165 Oremaining =566-165 = 401
40
mole% Y;03 = 1.1+165 = 2.75
AlO3
Al remaining comes from Al203
at % Al = 2.67
at% O =60 x267 =401 = Oremaining from above
40
mole% Al;03=267+401 = 668
(iv) Converting mole% to weight%
Si3Ng AIN Y;03 | Al,0;
mole % 8505 562 275 6 68
x MW /100 1414 41 2258 102
120 26 2 30 621 6 81
wt % 887 17 46 50
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DETERMINATION OF YAG CONTENT AND ZVALUE

The following assumptions were made in calculating the amount of YAG
formed and z values for IIb, based on the above data' only 5’ and YAG are
present upcn dewvitrification, and that all the Y3+ present 1s used to form
Y3AlsO12 The amount of Al3 + and O2- used to form the garnet phase can
also be calculated
One mole of Y3Al5012 contains 20 atoms* 3 atoms of Y, 5 atoms of Al and 12

atoms of O Since there are 1 1 a/o of Y present (see table above), then the

moles of YAG formed are

1 1a/0x20 atoms in Y3AIsO12 = 7.3mole % (m/o) YAG

3atomsof Y inY3AlsO12

Then, the amount of Al used to form YAG is.

73m/oYAGx5atomsAlin Y3Als0492 = 1 8mole % (m/o) YAG

20 atoms 1n Y3AI501)

Therefore, the amount of Al remaining in the SIAION 1s°

55a/0Al -1 8aloAl = 36a/oAl

instarting  used in remaning in
material YAG SIAION

The zvalueisequal to the number of atomsof Al in 1 mole of B’. There are 14
atoms per mole of B’ SIAION, since the atomic percent Al 1s known, the z value

can also be determined
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3.6 a/o Al x 14 atoms per = zvalue =05
in SIAION  mole of SIAION

Therefore, the chemical formula forthe B’ SIAION 15

Sis5Alg sOgsN7 s

The molecular weight of YAG = 593 6 g/mole
and the molecular weight of Sis 5Alp 5sOg sN7 5 = 281 g/mole

Therefore:

0.073 mole YAG (593.6 g/mole) +(1-0 073 mole ') 281 g/mole = 303 9¢g

andthe wt % YAGIn the composition s’
0.073mol (593 6 g/mole) x100 = 143wt % YAG
30399
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APPENDIX B

a TO f TRANSFORMATION

The following data was obtained by x-ray diffraction for composition 1d

(sintered)
Phase (hkl) 26 '(rééeunnst'g
a 210 35 3000 88
210 36.0825 1160

The weight percent Jf in the sample isdetermined by the following equation

i
32 1163
p210 _ ~ 093

[L1210+[L5210 88+1163

From the calibration curve in Figure 4 4, the ratio of intensities 1sinterpolated

to give the weight % f1n thesample Inthiscase, wt % 3 = 88%

YAG CALCULATIONFOR IC

The following data was obtained by x-ray diffraction for composition Ic

Intensit

Phase (hkl) 20 (counts
YAG 211 18.1125 188
400 29 6750 172

640 55 4175 106

B 210 36 1100 1310
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Using the ratio of intensities for each YAG diffraction line, the wt % YAG can

be interpolated from the calibration curves in Figures 4.5-4 7

Ivag211 = 188 L 27wt% YAG
Ivyac211+1p210 188 + 1310

Iy AG400 = 172 o 24wWt% YAG
Ivacaoo+1p210 172 +1310
Ivaceso = 106 o 23wt% YAG

Ivageao+1p210 106 + 1310

DETERMINATION OFa AND ¢

The lattice parameters for f were calculated using the following equation

o

A (h* - bk +k%)

4

)

[._

+ —

2 2

4
3 a C

2
sin0 = 3

where B i1s the diffraction angle, A2/4 = 0 594, (h,k,) are the Miller indices for
the diffraction angle, and a and c the lattice parameters

For composition la

Diffraction
line 20
212 755125
330 747625

Substituting into the above equation, and solving the equations

simultaneously"
2 20 ol
5 4 2°42-1419 2
sin“75 5125/2 = 0594 ;3— — + >

a ¢
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2

4 3%°+3x3+3H) o0

sin’74 7625/2 = 0 594 | ~ —————— + —
3 JE 2

a=17609

c=2916

-192 -



APPENDIX C

CATION RATIO DETERMINATION

The Y:Al'Si ratios were calculated based on the Cliff-Lorimer equation

at %A A L,
at%B VB !
]

where at.% i 1s the atomic percent of element 1, 1 1s the intensity (or area) of
the peak, and k 1s the k factor for the two elements.
The k factor for Y/Al and SiI/Al were determined from YAG (Y3Al5O;)) and

mullite (3A1,03.25105,) standards, respectively, as follows:

YAG

JatomsY  =kyal 91685 and ky/al = 0682
5 atoms Al 1042 16

Mulhte

2atomsSi = ksiyal 566.00 and ksyal = 0 846
b atoms Al 1436 82

For the sialon samples, the atomicratios were calculated knowing the k factor

and intensities of the elements as follows:
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at.% Y = 0.682 393.2 and at.% Y = 0.637
at.% Al 421.2 at.% Al
at.% S = 0.846 968.6 and 2at.%Si = 1.946
at.% Al 421.2 at.% Al

Multiplying by the respective valencies, the equivalent percents can thus be

obtained:

cations
Y3+ Sid + Al3+
atomicratios 0637 | 1.946 1
x valency 3 4 3
equivalents 1.91 7.78 3
equivalent % 15 61 24

-194 -



